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Cereal grains are considered as a primary source of energy worldwide. They are widely grown 
and consumed as a staple mainly in its whole form. Over the years, these grains have shown 
evidence of strong nutritional benefits and proven to be potential sources for novel 
ingredients in the food industry. There has been scarce literature on sorghum starch in 
comparison to other starches. The objective of this study has been to investigate cereal 
starches, particularly gluten free sorghum starch, isolation, characterisation and relative 
analysis with other major cereal grains. 
 
Utilising wheat, rice, sorghum and maize, extraction procedures for the isolation of cereal 
starches have been evaluated. The heating temperature required for steeping of extracting 
solution to break the lipid-protein matrix was affected by grain size. Another issue that came 
up with starch extraction was the formation of the insoluble proteinaceous layer, following 
the repeated centrifugation, which was difficult to separate and showed the tendency to 
settle with the starch. The method established is relatively simple, involving flour steeping 
steeping in a mildly alkaline solution at 25 degrees temperature, followed by washing, 
multiple sieving, repeated centrifugation until no further protein layer was formed, 
sedimentation and drying. The starches collected for the four cereal starches were oven dried 
and the recoveries ranged between 30 and 36%. 
 
In the food industry, the granular morphology, gelatinisation characteristics and crystallinity 
of the cereal grains are considered to be of primary importance. Previous research has 
demonstrated inconsistent results as to the changes of these properties when granular starch 
is exposed to various pH conditions. Hence, the aim of this analysis has been to investigate 
and overcome this problem, in a view to providing clarification, particularly in regard to 
sorghum starch. These properties were analysed by exposing laboratory extracted sorghum 
starch to buffer solutions of pH 3.0, 5.0, 9.0 and 11.0. Distilled water was used as a control. 
Starch were then incubated at these pH values at various times between 3 and 48 hours 
followed by drying using a freeze dryer. The resultant samples were examined by differential 
scanning calorimetry, X-ray diffraction and scanning electron microscopy. 
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The results indicated that gelatinisation temperatures increased by 2 to 3°C following three 
hours of treatment at pH 3.0 and lesser but still significant increases at 11.0. After 24 and 48 
hours the increase in gelatinisation temperature for the pH 11.0 treatment became greater 
than that of acidic treatments and the gelatinisation enthalpy became predominantly lower. 
Both granular and crystal morphology showed no significant change after 3 hours of 
treatment at any pH. The measurement of relative crystallinity was problematic in the 
samples used. In addition, it was observed that while in alkali condition sorghum starch was 
noticeably yellow in appearance which could be dispersed by neutralising the slurry. In 
conclusion, the preliminary results found here do indicate that starch characteristics are 
influenced by treatment of the granules under the more extreme pH conditions studied here. 
On this basis, a further series of studies are now recommended. 
 
Spray drying pilot plant scale was utilised to produce the microcapsules. The microstructural 
and morphological characteristics of microencapsulated cereal starches were analysed using 
environmental scanning electron microscope. Particle sizing and crystallinity were 
investigated using the laser beam scattering and X-ray diffraction. In order to optimise the 
conditions of inlet and flowrate of spray drying, preliminary designs were established. The 
characteristics of microcapsules and loss of starch during processing by spray drying was 
investigated and it was found that the microcapsules had good structure and integrity when 
loading rates were within the initial designed model. The optimum processing conditions 
during spray drying were developed by varying inlet air temperature and feed flowrate.  
Moisture content and process yield were influenced positively by increasing inlet 
temperatures. It was inferred that the inlet and outlet temperature played a vital role in the 
loss of starch as, the feed flow rate decreased and resulted in the accumulation of burnt 
residue whilst using high inlet temperature conditions. 
In summary, a promising application of microencapsulation technology for encapsulated 
sorghum starch was found. Spray drying has also been found to provide a convenient 
approach where high and consistent yields of microcapsules were produced. Accordingly, 
further studies are warranted, and it is recommended to encompass a wider range of gluten-
free food products. 
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The overall conclusions are that the starch extraction method adapted in this investigation 
was a practical approach, producing relatively pure, white starches. The characteristics of the 
four cereal starches showed many similarities, but there were some variations in the 
properties, indicating that there may be different applications for their incorporation into 
food formulations. Therefore, sorghum starch offers potential as novel food ingredient 
warranting further sensory evaluation and larger scale probability studies. 
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Chapter 1  
Introduction 
 
The purpose of this chapter is to provide an overview on the research program described in this thesis 
on the characterisation of cereal starch and the manipulation of starch properties during processing 
of foods. It has been investigated using various extraction procedures and analytical techniques.   
 
This project’s research is based upon the following problems – 
 
 Cereal starch is the most abundant source of energy for human beings. In order to maximize 
starch utilization and obtain nutritional benefits, small intestinal digestibility of cereal starch 
needs to be increased (Nocek, 1991) 
 
 Extensive studies on starch describe the changes that occur in native starches in granular form 
during processing and cooking of foods. Such processes typically involve heating which leads 
to the retrogradation and gelatinisation of the starch. This is characterised by an increase in 
granule size as well as loss of native crystallinity (Wrolstad, 2012). 
 
 Starch granules should largely be present as intact granules in cereals for the consumption. 
The starch granule structure can limit the extent of digestion, especially when it is not 
gelatinised during processing (Sahlstr¨om, 1998). 
 
 Starch is a carbohydrate polymer of the monosaccharide D-glucose existing in primary forms 
amylose and amylopectin (Coultate, 2009). 
 
 Major natural sources of starch include cereals, root vegetables, legumes and seasonal starchy 
foods. However, the consumption of wheat products still stays on the rise in the western 
markets which is a leading cause to a higher number in Celiac disease (Gregory, 2008). 
 
 Recent research has shown that processing conditions influence the digestibility of starch as 
a basis for manipulating the glycaemic index of foods and sorghum, millets and maize as an 
alternative source of wheat or gluten free products. 




 Microencapsulation is a recent innovative technology that has potential for progression and 
significance in the food industries. It provides an approach which might enhance, stabilise and 
help in the controlled release of glucose foods. 
 
 There are some significant challenges in evaluating the usefulness of microencapsulation 
strategies, which is investigating the release characteristics. Measurement of digestibility of 
foods can help in overcoming this challenge. 
 
 The recent approach in order to measure the digestibility of starch grains and application of 
glycaemic index has been into in vitro procedures. This technique is more cost effective, less 
time consuming and more effective in terms of precision as compared to the in vivo testing
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Chapter 2  
Literature review:  
Native and cereal starches 
 
The purpose of this chapter is to provide background and review the relevant scientific literature on 
native and cereal starches. Among the areas briefly described are native starch and their biological 
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2.1 Native starch 
 
Starch is a macronutrient of many foods and its properties and interactions with other constituents. 
Specifically, water and lipids are considered to be highly important for the food industry and human 
nutrition. Starch contributes 50–70% of the energy in the human diet, providing a direct source of 
glucose, which is an essential substrate in brain and red blood cells for generating metabolic energy.  
The availability of reliable source of starch from agriculture is considered to have been an important 
factor in human development (Perry, 2007) 
 
Starch based carbohydrates can be classified into two main sources, notably from animal sources and 
from plant sources. Animals store carbohydrate in the form of glycogen which has a similar structure 
to that of amylopectin but has three times as many α (1→6) glucosidic linkages. Plants, on the other 
hand, typically contain carbohydrates in the form of starch but also as simple sugars, and a range of 
other polysaccharides which resist human digestion.   
 
2.1.1 Botanical origin 
 
Starch is the main storage carbohydrate of plants. It is deposited as insoluble, semi-crystalline granules 
in storage tissues (grains, tubers and roots). Starch is made up of two polymers of D-glucose: amylose, 
an essentially unbranched α (1→4) linked glucan, and amylopectin, which has chains of α (1→4) linked 
glucoses arranged in a highly branched structure with α (1→6) branching links.  
 
The moisture content of native starch granules is usually about 10%. Amylose and amylopectin make 
up 98–99% of the dry weight of native granules, with the remainder comprising small amounts of 
lipids, minerals, and phosphorus in the form of phosphates esterified to glucose hydroxyls. 
 
2.1.2 Granule size and shape 
 
Starch granules range in size (from 1 to 100 mm diameter) and shape (polygonal, spherical, lenticular), 
and can vary greatly with regard to content, structure and organization of the amylose and 
amylopectin molecules, the branching architecture of amylopectin, and the degree of crystallinity 
(Lindeboom, Chang, & Tyler, 2004). Granules may occur individually or clustered depending upon the 
compound granules. For example in wheat, barley, rye and triticale they occur in bimodal size 
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distributions. The diversity in the form of starch granules and their molecular constituents influence 
starch functionality.  
 
The granules have a hierarchical structure that can be studied in the form of alternating concentric 
growth rings. It can be observed under the light and electron microscope. Multiple layers of growth 
rings of increasing diameter extend from the hilum (the centre of growth) towards the surface of 
granules. The growth rings are 120–400 nm in thickness and are considered to represent daytime 
fluctuations in the deposition of starch in storage tissues (Donald, Kato, Perry, & Waigh, 2001). 
 






      Size (μm) 
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  Chapter 2 
-6- 
 






























2.1.3 Structure of the starch granule 
 
Pure starch primarily consists of α-glucan (ca. 99% of the dry matter) in the form of amylose and 
amylopectin. Amylose is a linear molecule containing 99% α(1→4)  and 1% α( 1→6) bonds with a 
molecular weight of 1 x 105 – 1 x 106 (Figure I). Amylopectin has molecular weight of l x 107- l x 109 and 
is a much larger molecule than amylose and is heavily branched with 95% α( 1→4) and 5% α( 1→6) 
(Figure I). Each amylose chain is of the order of 1000 glucose units long whereas the unit chains of 








Figure 2.1  Amylose and amylopectin chain structure (El-Fallal, Dobara, El-Sayed, & Oma, 
2012). 
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Plants synthesise starch in a compact semi-crystalline form to minimise storage space and also to 
maximise the concentration of energy stored. Clearly starch provides energy for growth and 
development in both animals and humans. Humans tend to consume starch primarily in the form of 
cooked cereals (bread, pasta and rice) and as cooked tubers and roots. Since, it is readily digestible. 









































Figure 2.2  Schematic representation of amylose and amylopectin molecule. Polysaccharides 



















Figure 2.3 SEM imaging of various starch granules (Regina et al, 2004) 
2.1.3.1  Grain anatomy 
 
Farmers explain grain in terms of bushels. However, biologically it is explained in terms of kernels. 
Plump kernels have heavier test weights indicating a better crop, whereas shrivelled kernels indicate 
disease or drought pressure and may cause an elevator to give a farmer a discount. The kernel, or 
wheat berry, is the seed from which a wheat plant grows. Each bushel of wheat contains more than a 











Figure 2.4  Shows the longitudinal section of wheat grain with three parts of a kernel (Debes, 
2015) 






The bran is the outermost layer of the kernel, making up about 14.5 percent of total kernel weight. 
The bran is an excellent source of insoluble fibre, making its inclusion in whole wheat flour valuable 
to improving digestive health for the end consumer. Bran is divided into two colours red and white 




The endosperm makes up to 83 percent of the kernel weight. Endosperm provides nutrition to seed’s 
embryo. When grinded into white flour, provides human consumers with protein, carbohydrates, iron 
and B-vitamins. When only the endosperm is used to make flour, it is enriched with folic acid and other 
nutrients. The enrichment of flour with folic acid was named one of the top ten health achievements 
of the past decade by the Centres for Disease Control. Enriched flour is considered to be the number 
one source of folic acid for women of child bearing age and this extra addition has helped decrease 
neural tube defects in the United States by a third. 
2.1.3.1.3. Germ 
 
The germ is the smallest part of the kernel making upto 2.5 percent of the grain’s total weight. The 
germ is the embryo of the wheat plant. The germ’s high fat content can limit the shelf life of flour 
hence; the germ is often separated from flour during milling. 
2.2.3.2.  Lamellar structure of starch granules 
 
The starch granule consists of alternating semi-crystalline and amorphous layers. The semi -crystalline 
layer is believed to consist of alternating 9 nm crystalline layers of double-helical glucans extending 
from intermittent branches of amylopectin, and the amorphous layers of amylopectin branch points 
(Donald et al., 2001). It has been hypothesised that one growth ring is laid down per day due to 















                     A 
      B    C 
 
 
Figure 2.5 Diagrammatic representation of the lamellar structure of a starch granule. (A). 
Stacks of microcrystalline lamellae separated by amorphous growth rings. (B) Magnified view of the 
amorphous and crystalline regions. (C) Double helical structures formed by adjacent chains of 
amylopectin give rise to crystalline lamellae. Branching points constitute the amorphous regions. 
(Waigh, Donald, Heidelbach, Riekel, & Gidley, 1999) 
The crystalline double helices are generally aligned in a crystalline lamella. Gentle hydration can 
induce alterations in packing suggesting the helices display liquid crystal - like behaviour (Stoddard, 
2004). 
 
2.1.4 Amylose and Amylopectin content 
 
Native starches consist of a mixture of 15-30 per cent amylose and 70-85 per cent amylopectin. 
Amylose chains contain 250 to 2000 anhydroglucose units. Amylopectin is composed of 
anhydroglucose chains with many branched points. The molecular weight may reach as high as 
80,000,000. Amylose is an unbranched chain which is coiled in the shape of a helix. If iodine is added 
to a solution containing amylose molecules, the iodine inserts itself into the helix making it rigid. This 
changes the colour of the starch mixture to blue or purple depending on the length of the amylose 
molecule. Amylopectin is a branching molecule which does not form a helical coil. Therefore, the 
iodine is unable to bind to the starch molecule. Amylose contributes to the gelling property of starch 
whereas amylopectin contributes to high viscosity (WHO, 2015). 
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Table 2.2 Shows the amylose content and granule sizes in various starches (WHO, 2015). 
Starch Source % Amylose Granule Size Range 
(m) 
Average size  
(m) 
Waxy Rice 0 2 - 15 6 
High Amylose Corn 70 4 - 20 10 
Corn 28 5 - 25 14 
Cassava 17 3 - 30 14 
Waxy Sorghum 0 - - 
Wheat 26 3 - 35 7 and 20 
Sweet Potato 18 4 - 40 19 
Arrowroot 21 9 - 40 23 
Sago 26 15 - 50 33 
Potato 20 10 - 100 36 
 
The different concentrations in starch granules have been reported to have an impact on the 
mechanisms of erosion. In a study carried out by (Sang, Bean, Seib, Pederson, & Shi, 2008), three types 
of sorghum samples were digested through in vitro enzyme digestion profile using the Englyst’s 
method. Heterowaxy sorghum starch had an intermediate amylose content (14.0%) compared with 
waxy (0%) and normal (23.7%) sorghum starches. 
Heterowaxy sorghum starch appeared to have granule shape and size similar to normal and waxy 
sorghum starches. Granules of the three starches were polygonal or spherical in shape, and some 
granules had dents at the surface. 
2.1.5 Crystallinity of starches 
 
Native starch is a semi-crystalline that is synthesised as spherical granules roughly in plant tissues such 
as - leaves, stems, roots, tubers, bulbs, rhizomes, fruits and seeds. These granules are synthesised by 
plants as semi-crystalline matrices. Therefore, crystallinity is generated by amylopectin double helices 
into crystalline lamellae combined with amorphous lamellae comprising of α (1→6) branch region of 
amylopectin and amylose. Crystallinity is determined by wide angle X-ray diffraction. It is divided into 
3 types (Table 3).  A-type, found in most cereal starches, B-type found in most tuber starches and C-
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type is a mixture of both forms found in legume starches (Tester et al., 2004b). Small-angle X-ray 
scattering has been applied widely to studies of various food components (Li et al., 2018) including 
various studies of starch crystallinity. Cameron and Donald (1992) used SAXS to observe the change in 
electron densities in the amorphous growth region, crystalline lamellae and amorphous lamellae. They 
found that as gelatinisation progressed, the amorphous growth region rapidly absorbed water, 
followed by the amorphous lamellae, and finally a disruption to crystallites was seen. More recently 
during extraction, an increase in the amorphous fraction and a loss of order were observed by X-ray 
diffraction (Marti et al., 2011). 




Starch                                                        (%) 
Starches with A 
Oat    33   
Rye    34   
Wheat    36   
Waxy rice    37   
Sorghum    37   
Rice    38   
Corn    40   
Waxy maize    40   
Dasheen    45   
Nligeli 
amylodextrin 
   48   
   Starches with B 
Amylomaize    15-22   
Edible canna    26   
Potato    28   
   Starches with C 
Sweet potato    38   
Horse 
chestnut 
   37   
Tapioca    38   
 
 
2.1.6 Gelatinised starch 
 
Changes in starch during processing have been extensively studied for human food applications. Most 
starches would gelatinise upon heating to above 80⁰C in excess water. Gelatinisation increases the 
exposure for amylolytic degradation due to loss of crystalline structure (Holm, 1988). Swelling occurs 
along the amorphous regions. Crystalline regions do not expand during swelling; stress tends to 
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increase at the interface between the crystalline and amorphous regions. Therefore, the bonds exist 
between amylopectin in the crystalline regions and amylose in the amorphous regions. Thus, at a 
certain point in the swelling process the crystalline regions are rapidly and irreversibly broken, and 
gelatinisation is initiated. By using excess water content, the gelatinisation process usually initiates 
between 50 and 70⁰C. Swelling nearly causes all amylose in the starch granule to leach out. (Han, 
2001) 
 
Viscosity increases during gelatinisation. It is caused by swollen granules and gels that consist of 
solubilized amylose (Hermansson, 1995). In addition to the importance for starch digestion, the 
increase in viscosity during gelatinisation may also affect physical quality of processed feeds positively 
through increased binding between feed particles. Common methods used for determining starch 
gelatinisation are enzymatic measurement of starch degradation and the use of differential scanning 
calorimetry (DSC). The enzymatic method consists of incubating the starch with amyloglucosidase for 
a fixed time and then measure amount of degraded starch. Whereas DSC method consists of preparing 
slurry by mixing the sample with water and heating at a fixed rate and then measuring the heat 
absorbed by the sample compared to a reference sample. When starch gelatinises it absorbs energy, 
which can be quantified by the area of the curve plotted against the temperature axis. 
 
Native (undamaged) starch granules are essentially insoluble in cold water but can reversibly absorb 
water and swell slightly. Thus, the unique characteristics of many of our foods, from the mouth-feel 
of gravies to the texture of pie fillings, are the result not of the inherent properties of the native 
granules themselves, but of the changes they undergo when they are heated with water. When heated 
in excess of water, the granules swell to many times their original size until gelatinisation occurs. 
Gelatinisation is the first change and is the disruption of the crystalline order within the starch 
granules. Most cereal starches have gelatinisation temperatures (GT) between 50°C to 80°C. Legume 
starches have GT ~ 10°C higher. Continued heating and agitation might result in further swelling and 
leaching of soluble contents. Eventually total disruption will occur, and a viscous paste will be 
produced. This is called pasting.  
This change consequently contributes to food properties such as texture, viscosity, and moisture 
retention. Gelatinisation and pasting are irreversible, and dependent in complex ways on the amount 
of heat and water available to the system. Most gelatinised starch has a high viscosity, which can 
remain constant or increase during cooling. Starch gels after gelatinisation are often stored in chill or 
even freezing conditions. Cooling of the starch solution results in structural changes called 
retrogradation. Retrogradation is the crystallisation or re-association of starch polymer chains in the 
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gel. The long amylose chains in solution can intertwine with many other long amylose chains, even at 
low concentrations Amylose retrogradation thus traps much water, producing clear hard gels and is 
complete by time solution has cooled to RT. 
  Chapter 2 
-15- 
 
2.4 Summary & conclusion 
 
In this chapter native starch, its structural and morphological properties were discussed through 
literature review. It enabled us to better understand the factors responsible for the digestion of starch.  
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Literature review:  
Human digestion, digestive enzymes, cereal starch and nutrition 
aspects of cereals 
 
The purpose of this chapter is to provide background and review the scientific literature on human 
digestion. Among the areas briefly described are digestive enzymes, cereal starch, cereal proteins, 
structure and starch as an enzymatic substrate as well as factors responsible for nutrition derived from 
cereals. 
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Human body obtains the energy and nutrients it needs from food. However, our cells cannot absorb 
these nutritional benefits until the food has been processed and converted into useable form. 
Therefore, digestion is the complex process of breaking down food molecules into energy and other 
useful components. They are then readily absorbed into the bloodstream and distributed throughout 
the body to maintain good health. The digestion of food in humans involves secretion (salivary glands, 
stomach, and pancreas), hydrolysis (stomach, small intestine, and colon) and absorption (small 
intestine and colon). 
 
Figure 3.1 Region specificity of the human gastrointestinal tract (Guerra et al., 2012) 
 
3.1.1 The mouth 
 
Digestion starts with chewing and grinding the food in the mouth (Figure 5). Mastication is a short but 
important step with a significant influence on the overall digestive process (Guerra et al., 2012). Food 
smells initiate the salivary glands in the mouth to secrete saliva ("mouth-watering"). Hence, even 
before we start eating our digestive system is ready for digesting the food. Saliva contains antibacterial 
compounds and various enzymes to aid the breakdown of food molecules. It also helps in softening 
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the food - enabling the tongue to mould it into a bolus or ball for further swallowing. The tongue, 
teeth and saliva work together to start digestion and aid swallowing.  
 
3.1.2 The Pharynx and Oesophagus 
 
Food is then swallowed and passes into the pharynx, or throat. When we swallow the bolus it passages 
to the lungs (windpipe) and the nasal cavity are automatically closed. The food then goes into the 
oesophagus - a muscular tube extending from the pharynx to the stomach. Food is impelled through 
the oesophagus into the stomach by means of muscular contractions called peristalsis. Just before the 
opening to the stomach there is a ring-shaped muscle known as the lower oesophageal sphincter (LES), 
this muscle opens to let food into the stomach and then closes to prevent vomiting or throwing the 
food back up. 
 
3.1.3 The Stomach 
 
Stomach is a large pouch with strong muscular walls; the stomach holds the food temporarily. It has 
the ability to expand or contract depending upon the amount of food it contains. The stomach aids 
digestion in two ways. Its strong muscular walls churn the food into chyme - a semi-fluid mixture 
similar to porridge. The glands present within the walls secrete gastric juice which is a blend of 
hydrochloric acid and various digestive enzymes. The digestive enzymes help to digest foods such as - 
protein, fats, a few carbohydrates and alcohol. In order to prevent the stomach from digesting itself, 
its walls are lined with a membrane called mucosa which secretes a protective slimy substance known 
as mucus. Liquids pass through the stomach quickly in minutes, whilst solid food can remain in the 
stomach for up to 5 hours.  Chyme slowly exits the stomach and passes into the small intestine. 
 
3.1.4 The Small Intestine 
 
The small intestine is a coiled tube approximately 17 feet in length made up of three sections - the 
duodenum, jejunum and ileum. As the semi-digested food (chyme) enters the duodenum from the 
stomach, the duodenal lining releases intestinal hormones that stimulate the gallbladder and pancreas 
to release digestive juices (bile and pancreatic juice) which helps in further breaking down food 
molecules in the chyme.  
 
The role of bile is firstly to neutralise the acidic chyme and create an alkaline environment thereby 
facilitating subsequent activity of the enzymes. Bile also includes components that emulsify fats for 
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easier digestion and absorption. Pancreatic juices contain pancreatic α-amylase (also known as 
pancreatin) which continues the cleavage of long chain oligosaccharides remaining after the partial 
hydrolysis of the starch and yielding oligosaccharides particularly maltose. Pancreatic α-amylase is 
94% like salivary α-amylase and has multiple attack mechanisms (Alpers, 2003) Hence, if an adequate 
amount of pancreatic α-amylase is secreted digestion of starch can be completed entirely within the 
small intestines, independent of the action of salivary α-amylase (Smith & Morton, 2010)  
 
The small intestine absorbs and digests most of the nutrients. Different nutrients are absorbed at 
various time intervals. Carbohydrates are digested most rapidly, followed by proteins and finally fats. 
Vitamins and minerals are micronutrients that consist of molecules tiny enough for the body to absorb 
without breaking them down first. However, water soluble vitamins are absorbed faster than fat 
soluble ones. The duodenum and jejunum break down the chyme, while the ileum is responsible for 
absorbing the nutrients into the bloodstream. The absorbed nutrients pass through the bloodstream 
to the liver where they are processed, stored or distributed to other parts of the body. 
 
3.1.5 The Large Intestine  
 
Also known as the large bowel, the large intestine consists of 3 sections, the cecum, colon and rectum. 
It is approximately 5 feet in length and has two main functions, to absorb all the remaining water from 
the food waste and to compress the remaining matter into a compact bundle (faeces or stool) so that 
defecation (excretion of waste) is easy and convenient. The cecum is a short pouch containing a valve 
which opens to receive chyme from the ileum. The colon absorbs water and through bacterial action 
reduces the bulk of fibre in the faeces (Guerra et al., 2012). The rectum is the terminal segment of the 
digestive tract, in which faeces accumulate just prior to discharge. They are discharged through the 
anus which contains two important muscles - the internal sphincter and the external sphincter. The 
internal sphincter is always tight, except when faeces enter the rectum for example when we are 
asleep. When we get an urge to defecate, we depend upon the external sphincter to keep the stool in 
until we go to the toilet. In total, it takes about 36-48 hours or longer for waste matter to pass through 
the large intestine. 
 
3.2 Digestive enzymes in carbohydrate digestion 
 
Western diets contain on average 200–300 g of carbohydrates daily, accounting for 40–50% of total 
food sources of energy but only 22% of total daily calories (Alpers, 2003). There are a variety of 
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enzymes that helps in the hydrolysis of polymeric molecules and some react as catalysts. Dietary fibre 
is described as nearly all carbohydrates that are not digested and absorbed in the small intestine. In 
addition to dietary fibre, plants contain oligosaccharides (3–8 sugars) mainly as a-galactosides in 
legumes such as - raffinose, stachyose and as fructans for example - fructo oligosaccharides found in 
onions and other vegetables. Some of the undigested fiber and oligosaccharides or disaccharides can 
be hydrolysed by colonic bacteria.  
 
Starch is considered to be the main storage form of polysaccharides in plants.  It is composed of 
polymers of glucose joined in straight-chain α1→4 linkages without (amylose) or with α1→6 branched 
chains (amylopectin). Starches and disaccharides are digested by secreted and by mucosal enzymes in 
the mouth, stomach, and small intestine. 
 
Table 3.1  Dietary carbohydrate digestion in humans (Alpers, 2003) 
 
Enzymes                                 Size of protein (kDa)          Substrate specificity                          Bonds cleaved   Products 
Proprotein          Mature 
-CHO    þCHO 
 
Amylase 
Salivary                               a                   a 
 


















Sucrose, a-limit dextrins 
 





















     Glca1,6Glc  Trehalase 65.5f ?75f 75g trehalose Glca1,Glc Glucose 
aNot synthesized as proproteins; bhigh mannose form; cfully glycosylated form; dintracellular cleavage form delivered to brush border 
(human) or cleaved at brush border surface (rat); efinal active form after surface cleavage by pancreatic trypsin; fpredicted size (from 
cDNA) of rabbit enzyme; gmature form is linked by glycosylphosphatidylinositol, not by transmembrane segment as for other 
disaccharidases 
 
Enzymes may be categorised according to their mode of action, in the depolymerisation of 
polysaccharides. Structural variability among foods can give rise to different rates of starch hydrolysis 
as a consequence of their different degree of accessibility to enzymes. They are either endo- or exo-
acting hydrolases. Endo-hydrolases reflect their specificity for random cleavage of the glycosidic 
linkages towards the centre of the linear polymeric chains, hence resulting in breakdown of large 
carbohydrate molecules that are not able to diffuse into the cells, into smaller ones that ultimately 
will be able to traverse the cellular walls. The specific enzyme targets a specific linkage type within the 
chain for example – endo- enzyme is α amylase which speciﬁcally cleaves the α1→4 linkages (Table 
4). Exo-hydrolases, on the other hand, target monosaccharide units at the terminal positions of 
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polymeric chains, releasing a monomer or dimer from the non-reducing ends. Two enzymes exhibiting 
exo-activity and cleaving at the non-reducing ends of starch and oligosaccharide chains are 
glucoamylase and α-amylase which give glucose units and maltose units respectively (Dona, Pages, 
Gilbert, & Kuchel, 2010) 
Another issue in terms of digestibility of starch is the form of the food component. Thus, in plant 
tissues, native starch is in the granular form and during processing the granules lose their intact 
structure by either mechanical damage or as a result of gelatinisation. These types of changes occur 
in molecular starch by being exposed and getting enzymatically attacked than intact granules of starch. 
Irrespective of being an endo- or exo-hydrolase enzyme, together with the type of starch, determines 
the physical state of the starch granule post-digestion. This can be investigated by surface analysis of 
the starch granule using a light microscope or with the higher magnification provided by the scanning 
electron microscope (eSEM).  
 
Enzymatic digestion leads to the porous appearance of the starch granule surface in various ways such 
as – indentations, pitting, multiple holes, single holes in the individual granule and surface erosion. 
Endo-corrosion occurs as a result of digestion starting from the surface of the starch granule and 
gradually making a channel towards the centre of the structure. The presence of numerous channels 
will weaken the starch granule resulting in breakage and collapse. Exo-corrosion typically involves 
surface erosion whereby the enzyme may erode the entire surface of the starch granule (Sujka & 
Jamroz, 2007). 
 
3.2.1 α – amylase 
 
Amylase is the single most abundant protein in saliva and is involved in the initial digestion of starch 
containing foods (Hoebler et al., 2002). α-amylase are enzymes that catalyses the hydrolysis of internal 
α-1,4-glycosidic linkages in starch in low molecular weight products such as - glucose, maltose and 
maltotriose unit (Table 4). It can be obtained from several plants, animals and microorganism sources.  
α-Amylase have been derived from several fungi, yeasts and bacteria. The production of α-amylase is 
essential for conversion of starches into oligosaccharides (Souza & Magalhães, 2010). Starch is a vital 
constituent of the human diet and is a major storage product of many economically important crops 
such as wheat, rice, maize, tapioca and potato.  
 
The application of amylase is found in all the industrial processes such as food, detergents and textiles 
in paper industry for the hydrolysis of starch. Saccharide composition that is obtained after hydrolyses 
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of starch relies on the effect of temperature, the conditions of hydrolysis and the source of the 
enzyme. Specificity, thermostability and pH response of the enzymes are considered to be critical 
properties for the industrial use (Kandra, 2003). Bacteria’s, Bacillus licheniformis and Bacillus 
amyloliquefaciens are known to be good producers of thermostable α-amylase. These have been 
widely used for commercial production of the enzyme for various applications (Prakash & Jaiswal, 
2009). 
 
Fungi such as - Aspergillus oryzae and Aspergillus niger have produced considerable quantities of 
enzymes that are used extensively in the industry.  A. oryzae is considered to be a favourable host for 
the production of heterologous proteins, as it has the ability to secrete a vast amount of high value 
proteins and industrial enzymes for example α-amylase (Jin, 1998). Aspergillus oryzae has been largely 
used in the production of food such as soy sauce, organic acid such as citric and acetic acids and 
commercial enzymes including α-amylase (Kammoun, Naili, & Bejar, 2008). Aspergillus niger has vital 
hydrolytic capabilities to produce α- amylase due to its tolerance of acidity (pH < 3), it allows the 
avoidance of bacterial contamination. 
 
Salivary and pancreatic amylases have been thoroughly studied over years. There is abundant 
literature available to support the importance of these enzymes for digestion (Dona et al., 2010; 
Hoover & Zhou, 2003; Tester et al., 2006). 
3.3 Cereal Starch 
 
Cereals represent a major component of the human diet across the world, either directly as baked 
goods derived from flour or as components of animal feed (grain, brans, straws and other residues as 
appropriate for monogastrics, fowl and ruminants). Starch is the second most abundant biopolymer 
after cellulose. It is synthesised by plants, stored in seeds or tubers and subsequently used as an 
energy source during germination and growth. Carbohydrates in these granules comprises of two 
polydisperse polymers, amylose and amylopectin. Both the polymers are composed of a-D-
glucopyranose subunits (Lynn et al., 1997). 
 
Cereal grains contain three major types of polysaccharides: 
1. Starch – (α 1-4) and (α 1-6) glucan, the major component of the endosperm and flour. 
2. Cellulose – (α 1-4) glucan, a component of all cell walls and only a minor constituent of the 
cell wall of the starchy endosperm (<0.3%). 
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3. Hemicellulose – mixed polysaccharide derivatives, a non-cellulosic component of the cell wall 
of the starchy endosperm. Numerous other minor NSP are found in cereals for example - (1-
3, 1-4) β-D-glucans, fructans and pectins, etc. 
Three types of hemicellulose are recognised: xylans (heteroxylans) or pentosans, mannans and 
glucomannans and galactans and arabinogalactans. The cereal heteroxylans are of two main types: 
Arabinoxylans, the major noncellulosic polysaccharides in endosperm cell wall and aleurone layer of 
cereals comprised of arabinose & xylose monosaccharides. The major noncellulosic polysaccharides 
in endosperm cell wall and aleurone layer of cereals are comprised of arabinose & xylose 
monosaccharides. Glucuronoarabinoxylans are found in walls of pericarp and seedcoat tissues 












Figure 3.2 Arabinoxylan structure in wheat (Hoseney, 1994) 
 
 
3.3.1 Cereal proteins 
 
The protein content (type and quantity) of cereals is important for two reasons: Their contribution to 
the diet and their functional properties. The cereal proteins can be classified into the traditional four 
broad categories (Osborne’s scheme) – 
 
1. Albumin (soluble in water) 
2. Globulin (soluble in salt solution) 
3. Prolamin (soluble in 70% aqueous alcohol and rich in proline and glutamine) and 
4. Glutelin (soluble in dilute acid or alkali and rich in proline and glutamine).  
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Most of the physiologically active proteins are found in the albumin or globulin groups. In cereals these 
groups are concentrated in the germ, aleurone and bran layers with lower concentrations in the 
endosperm. Nutritionally they have a good amino acid balance. The prolamins and glutelins are the 
called storage proteins in cereals and are limited to the endosperm. They make upto approximately 
80% of protein in most cereals (Hosney, 1994). Nutritionally they are low in the essential amino acids. 
The protein content of the grains varies considerably between species and is influenced by 
environmental – moisture, temp, nutrients and genetic factors. When the protein content of a cereal 










Figure 3.3 Changes in types with protein content (Hosney, 1994). 
 
 
There are a range of food applications of cereal grains and are extensive depending largely upon the 
functional characteristics of the protein components of the endosperm of the grains, i.e on the 
prolamins and glutelins. Two of the grains (wheat and to a lesser extent rye) contain protein 
components which can contribute to the development of a unique matrix structure during mixing of 
a dough. These unique components are commonly called gluten and are not found anywhere else. 
Gluten is the main storage protein in wheat flour making up 75-80 % of the total protein.  
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Figure 3.4 Cereal protein classification (Wrigley, 2010) 
 
3.4 Cereal extension properties 
 
There are a range of food applications of cereal grains. They are extensive and depends largely upon 
the functional characteristics of the protein components of the endosperm of the grains, largely on 
the prolamins and glutelins. Two of the grains (wheat and to a lesser extent rye) contain protein 
components which can contribute to the development of a unique matrix structure during mixing of 
a dough. These unique components are commonly called gluten and are not found anywhere else. 
Gluten is the main storage protein in wheat flour making up 75-80 % of the total protein. 
3.4.1 Gluten complex 
 
The gluten complex is composed of two main groups of proteins glutenins (currently known as 
prolamins). These are the gluten proteins that are polymeric with disulphide bonds joining the 
individual polypeptides of glutenin. Individual polypeptides have been identified as various HMW and 
LMW subunits. Gliadins (prolamins) are the gluten proteins that exist as monomeric polypeptides with 
many intramolecular disulphide bonds. They can be divided into S-rich (α, β and ϒ prolamins) and S-
poor (ω) prolamins (Hosney, 1994). 
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Figure 3.5 Extension properties (Hosney, 1994)  
 
Glutenins make up 40-50 % of the total protein SDS electrophoretic studies and genetic evidence have 
shown that glutenins contains up to 20 different polypeptides. Glutenin is resilient but not cohesive. 
It gives dough, a property of resistance to extension. The elastic nature of glutenin is an important 
functional property of gluten contributing to dough strength and elasticity. One model describes 
glutenins as linear chains of polypeptide subunits joined head to tail by intermolecular disulphide 
bonds. If tension is applied the chain of subunits can be stretched out of its natural configuration. 










Figure 3.6 Structure of Glutenin (Kent & Evers, 1994) 
 
 
Gliadins make up 30-35 % of the total wheat protein. They are a group of large (up to 50) LMW proteins 
with similar properties and MW of ~ 40,000, in which the disulphide links are intramolecular rather 
than intermolecular, as is the case with glutenin. They are generally single chained and extremely 
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sticky when hydrated and have little resistance to extension. Gliadins function as plasticisers that 
interact with the glutenin molecules to contribute cohesiveness to the bread dough. 
In addition, they also contribute to control of loaf volume, but glutenin has the greater influence on 
gluten behaviour. The proportion of gliadins to glutenins is functionally important. If gliadin content 
is too low bubble expansion inhibits. If it is too high, excessive expansion can take place and collapse 
the dough.  
3.4.2 Gluten and dough formation 
 
Gluten proteins have the characteristics of extensibility and elasticity which are essential to the 
textural characteristics of a variety of flour-based foods. This involves the ‘development’ of the gluten 
matrix by mixing with water and possibly other ingredients to form a dough. The coils of gluten 
proteins are held together by a variety of bonds including strong disulphide (S-S) bonds. During ‘dough 
development’ the gluten molecules undergo significant changes. Severing of the disulphide bonds 
allows the gluten molecules to uncoil and re-join at different positions. The gluten molecules become 
elongated and allow the linking of separate protein molecules together. The developed gluten then 
has the ability to trap and contain the gas produced either by yeast or from chemical leavening agents 
in bread, cakes and products having a light crumb structure. 
 
The gluten proteins are transformed from coarse gluten aggregates to a gluten film otherwise known 
as the bread dough. Optimum development of the gluten matrix is vital if expanding CO2 produced by 
yeast fermentation is to be contained during the baking process. Soluble proteins are also believed to 
contribute to gas retention by forming a layer within the gas cells.. 
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Figure 3.7 Gluten realignment during dough mixing (Schofield, 1986) 
 
This may in turn block pinholes in the cell walls preventing CO2 from leaking out. The cereal grains 
which do not contain significant levels of gluten also have a range of food applications and in some of 
these it is the starch component which primarily influences the ultimate textural characteristics of the 
food product. 
 
3.5 Cereal grains 
 
Grains have always been critical to our existence. The domestication and utilisation of grains was 
fundamental to the very early development of human civilisation in various parts of the world. Many 
crops are grown so that their seeds can be harvested and form a source of raw materials for foods as 
well as feeds. Today grains are also the source of a wide range of ingredients for food processing. In 
addition, they are readily stored for long periods of time and can conveniently be transported and 
conveyed without significant risk of damage or deterioration. These are produced by members of the 
grass family (family Gramineae or Poaceae). These include wheat, oats, barley, rye and triticale which 
are temperate grasses and are therefore cultivated in cooler climates or during cooler seasons. The 
tropical cereals are rice, maize (also referred to as corn), sorghum and millets. Members of the grass 
family are Monocotyledonous, and the reserves of the grain are located in an endosperm structure. 
Nutritionally, cereal grains typically contain starch as the primary energy store and have protein 
contents in the range of 5 to 20%. World grain production today is close to 3 billion tonnes each year. 
Most of this is of crops which can be classified as either cereals, grain legumes or oilseeds. There is 
increasing awareness of coeliac disease, allergic responses and sensitivities to gluten globally (Cole & 
Kagnoff, 1985; Niewinski, 2008; Kang et al., 2013). Although in many countries, wheat starch has been 
extracted from flour and widely used as a food ingredient, it is well-established that residual gluten in 
commercial wheaten starch is sufficient to cause reactions for those who are sensitive (Skerritt & Hill, 
1992; Poley, 2017). 
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Figure 3.8 Reflects the worldwide export and import data of cereal grains (Statistics 
from the U.S department of agriculture, 2009 - 2010)  
 
 
3.5.1 Cereal Structure 
 
Cereal grasses have narrow leaves, hollow jointed stems and spikes or clusters of membranous 
flowers. The flowering shoots, or inflorescences, of the cereals can be classified into three broad 
groups. Cereal species can be self- or cross pollinating. Following fertilisation, the formed cereal grain 
is a fruit and seed combined, i.e. a caryopsis, whose outermost layer are the dried remains of the 
ovary, now fused to the seed within to form the pericarp. The seed can be further protected by being 
enclosed in tightly clasping glumes. Although often called seeds, cereal grains are botanically known 
as fruits and are classified as caryopses, a type of achene. An achene is a dry one-seeded fruit formed 
from a single carpel. In cereals the seed (caryopsis) accounts for the greater part of the fruit when 
mature. The basic structure of cereal grains is remarkably consistent and a general model can be used 
to describe this structure.  
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Figure 3.9 Generalised structure of cereal grain (Kent & Evers, 1994) 
 
3.6 Nutritional aspects of cereals 
 
The chemical composition of cereals is characterized by a high content of starch (70-80%), a moderate 
protein level (8-16%), and low lipid content (Wrigley, 2004). Consequently, for much of the world’s 
population, cereal-based foods constitute the most important source of energy and other nutrients. 
Wheat, rice, rye, sorghum and millet are mostly used for food and contribute an important source of 
protein in diets all around the world. Maize, barley and triticale are however more commonly used in 
animal feed, especially in developed countries. Although, cereal grain proteins do not have the ideal 
amino acid make-up, particularly being deficient in lysine, they are frequently consumed with other 
complementary proteins and so form an important part of the diet. Their relatively low-fat content is 
also a nutritional benefit. The significant levels of non-starch polysaccharides act as an important 
source of dietary fibre. Most cereals are important sources of the B vitamins and tocopherols (vit E). 
They are also good sources of several other minerals. Generally, most cereals are consumed only after 
processing and this can affect their nutritive value. Such processes include:  
1. Refining,  
2. Cooking and  
3. Supplementation or fortification,  
Anti-nutritional aspects:   
1. Allergies - Celiac disease, Sensitivity to gluten protein (gliadin),  
2. Phytate and Tannins,  
3. Non-cereal hazards – Ergot and mycotoxins. 
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Protein content (type and quantity) of cereals is important for two reasons: Their contribution to the 
diet and their functional properties. The proteins can be classified into four broad categories – 
albumins, globulins, prolamines and glutelins. Most of the physiologically active proteins are found 
in the albumin or globulin groups. In cereals these groups are concentrates in the germ, aleurone and 
bran layers with lower concentrations in the endosperm. Nutritionally they have a good amino acid 
balance – relatively rich in lys, met and try, three essential aas that are relatively low in cereals. 
 
The prolamines and glutelins are the storage proteins in cereals and are essentially limited to the 
Endosperm. The prolamines are low in the essential aas, lys, met and try. The glutelins are more 
variable in aa content. Protein content of the grains varies considerably between species and is 
influenced by:  Environmental factors – moisture, temp, nutrients and genetic effects. When the 
protein content of a cereal changes the proportion of the various proteins also changes. 
 
 
Table 3.2  Approximate composition of the major cereal grains, described as dry weight 
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Figure 3.9 Composition – distribution of wheat (Wrigley, 2004) 
 
About 95% of the minerals in cereals (without husk) is present as sulphates and phosphates of Ca, Mg 
& K P is also present as the phosphate groups in phytic acid (inositol hexaphosphate) Can complex 
bivalent ions; reduces bioavailability. Cereals also supply useful amounts of Fe, Mn, Zn & Cu 
at level of 5 – 50 ppm. Mineral content in husks of barley, oats and rice is greater than in seed with 




Figure 3.10 Effect of extraction rate on nutrients of cereal grains (Kent, 1994) 
 
Lipids are minor components of cereals.  Wheat, barley, rye, sorghum & brown rice have less lipid than 
oats, maize & millet. The temperate climate grains tend to have higher levels of glycolipids and 
phospholipids than the other cereals. Triglycerides are the major lipid component in cereal grains. 
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They are deposited and stored as oil droplets in spherosomes. Germ has the highest lipid content Lipid 
component also includes sterols, tocopherols and carotenoids. 
 
3.7 Starch as digestive substrate 
 
Approximately half of human energy comes from the consumption of starchy foods. Starch based 
foods are digested at different rates. They are related to the glucose and insulin response they 
produce. Starch is classified into rapidly digestible starch (RDS), slowly digestible starch (SDS) and 
resistant starch (RS) according to the rate of glucose release and its absorption in gastrointestinal 
tract(Table) (Englyst, Kingman, & Cummings, 1992). RDS is a starch fraction that causes a sudden 
increase in blood glucose level after ingestion. SDS is a starch fraction that is digested completely in 
the small intestine at a lower rate as compared to RDS. RS is the starch portion that cannot be digested 
in the small intestine, but is fermented in the large intestine (Haralampu, 2000). 
 
Table 3.3 Shows starch classification based on the rate of digestibility adapted from (Englyst 
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Structure Mainly amorphous Amorphous/ crystalline Depending on the type, 
Mainly crystalline 
   
The main carbohydrate source in human diets contains rapidly digestible starch. As a result, many 
common starchy foods such as bread, breakfast cereals and potato products produce high glycaemic 
response (Jenkins, Wolever, & Taylor, 1981). They are strong indications that the large amounts of 
rapidly available glucose derived from starch and free sugars in the modern diets is leading to the 
elevated levels of plasma glucose and insulin concentrations that are detrimental to health, including 
diabetes and coronary heart diseases. Recent epidemiological studies have shown a reduced risk of 
type-2 diabetes in people consuming wholemeal products. This thesis will focus on the role of food 
structure and possibilities to use structure engineering for developing cereal-based products with low 
starch digestibility. 
 
Postprandial glycaemic response from starchy foods can be affected by sequences of physical and 
chemical parameters (Björck, 1996). These factors can be measured as a basis for the understanding 
of effect of in vitro digestion on substrates and to obtain a desired effect. 
 
3.8 in vitro Evaluation of digestibility 
 
The in vitro determination of carbohydrate digestibility to predict the glycaemic response of 
ingredients or complex foods is of great interest since in vivo evaluations are invasive, labour-intensive 
and costly. In 1988, an enzymatic method was published for measuring the digestion rates of starchy 
foods in vitro and a new approach of calculating digestion indices (DI) and its relationship with in 
vivo response (Schweizer, Reimann, & Würsch, 1988). In 1992, another most commonly used method 
was published to analyse the starch digestion kinetic (Englyst et al., 1992). Alternative in vitro 
hydrolysis methods exist, which differ in the choice and concentration of enzymes in addition to the 
treatment and timeline of digestion (McCleary, McNally, & Rossiter, 2002). It is suggested that they 
can bring considerable difference in terms of starch digestibility. Despite the satisfactory results 
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obtained, these do not always correspond realistically to the expected physiological situation. 
There have been numerous attempts to reproduce the human digestion of starch under 
laboratory conditions. Despite the satisfactory results obtained; these do not always correspond 
realistically to the expected physiological situation. There have been numerous attempts to 
reproduce the human digestion of starch under laboratory conditions during the last decades by 
applying and modifying existing methods to achieve higher physiological significance.  
According to the literatures there are multiple factors that affect the starch digestibility and are not 
necessarily related to each other. The vital factors that can be considered to have an influence on the 
efficiency of enzymes responsible during in vitro starch hydrolysis are starch characteristics, physical 
access of the enzyme to the starch, availability of the water required for the hydrolysis of the glycosidic 
linkages and the lowered rate of diffusion of substrates due to high viscosity (Singh, Dartois, & Kaur, 
2010). In addition, there are other important factors such as processing techniques, presence of other 
food components for example – proteins, lipids and anti-nutrients/inhibitors that affect the starch 
digestibility significantly. 
3.8 Summary & conclusion 
 
The application of an in vitro evaluation initiates with the understanding of in vivo processes and 
conditions. Morphological and structural properties of the substrate can also impart discrepancies in 
the assay. A variety of techniques have been investigated in recent work and this has emphasised the 
need for standardisation of method in the aim of more realistically reproducing actual physiological 
changes resulting from the digestion of starch. Additionally, comparison of different conditions within 
the same study will contribute to the understanding and hence result in the adequate choice of 
parameters for the development of a sole in vitro digestion of starch.
  Chapter 4







Summary of background and project objectives 
 
The purpose of this chapter is to illustrate the background, aims and project objectives and summarise 
the current knowledge.  
4.1 Summary of current knowledge and significance of the project 
 
Starch has been studied extensively over a long period of time: it is a carbohydrate polymer of the 
monosaccharide D-glucose, existing in two primary forms, amylose and amylopectin. Amylose is a 
larger molecule with a relatively small degree of branching whilst amylopectin is a much smaller 
molecule, possessing higher branching (Coultate, 2009). These two forms naturally co-exist in larger 
structures, known as starch granules. These consist almost entirely of starch and are made up of layers 
of growth rings which are layers of high and low-density regions. The high-density regions are made 
up of alternating amorphous and crystalline amylopectin layers. Amylose is found in the low-density 
regions, found between the amorphous and crystalline layers of amylopectin, disrupting this 
crystallinity. Amylopectin which has a degree of polymerisation (DP) greater than ten can form double 
helices and arrange themselves into a regular, repeating crystalline order. The semicrystalline growth 
rings surrounding the hilum (the centre of the granule) are 120-400 nm in thickness (Donald, Kato, 
Perry, & Waigh, 2001). Amylose is found in the low-density regions, between the amorphous and 
crystalline layers of amylopectin, disrupting the crystallinity. The overall amylopectin molecule has a 
degree of polymerisation (DP) of up to 50,000 but the protruding branches of the structure have chains 
with more than ten glucose units and these can form double helices which are approximately 6 nm in 
length. Native starch granules show a lamellar structure with a regular repeat distance between the 
semi-crystalline growth rings of 9-10 nm (Cameron & Donald, 1992).  
Starch granules typically retain their structural integrity under most conditions, but upon extended 
soaking in water or exposure to heating, a phenomenon known as gelatinisation occurs. This is 
accompanied by modifications including absorption of moisture, swelling of granules and a loss of 
crystallinity (Jenkins et al., 1994).  
  Chapter 4
  
  
   
-37- 
 
A significant recent emphasis in food chemistry research at RMIT University has been the safety, 
nutritive value as well as the optimisation of processing parameters and formulation for Asian instant 
noodles. The rapidly increase and adoption of gluten involving foods globally as a staple food in high 
proportion is leading to the increase in coeliac disease. Coeliac disease (CD) occurs when ingestion of 
gluten by genetically susceptible persons leads to immunologically induced small intestinal mucosal 
damage. Celiac disease is 1 of the most common genetic disorders, affecting approximately 1% of 
individuals worldwide (Green PH, 2007). Until the 1990s, CD was thought to occur mainly among 
White Europeans and deemed uncommon in the Middle East, North Africa and even North America. 
CD has since been shown to be as common in these latter countries as in Western Europe, low levels 
of clinical suspicion and availability of healthcare resources accounting for the previous 
underdiagnoses (Kang et al, 2013). Celiac disease is an autoimmune condition which is triggered by an 
environmental precipitant that affects genetically susceptible individuals worldwide. Celiac disease 
continues to be remained underdiagnosed in the West whilst, a low index of doubt in the developing 
world has led to under-recognition of the disease amongst the physicians (Malekzadeh R, 2005). 
 
Figure 4.1 Prevalence of celiac disease across the globe (American Dietetic Association, 2008) 
The most common extra intestinal features of celiac disease are neurological indicators. Peripheral 
neuropathy is most often seen, with a reported occurrence rate of 49% in an Italian study (Cicarelli G, 
2003). Painful paresthesias of the limbs and face are commonly reported. Other neurological results 
include headache (46%), depression/ anxiety (31%), ataxia (5.4%), migraines (4.4%), and epilepsy (3.3–
5%) (Hernandez L, 2006).  
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Figure 4.2 a) represents healthy villi and b) represents the celiac disease affected villi. Adapted from 
celiac organisation Victoria and Tasmania. 
Table 4.1 foods containing gluten and symptoms emerging after consumption of such foods. 
 a) Foods containing gluten  
Food types      
Pasta      Bread   
Biscuits     Cake  
Muffins     Pastry  
Cereal      Beer  
Oats For example, porridge   Gravy  
Salad dressing     Sauce. (soy sauce, pasta sauce)  
Fried food    Lollies  
Fake meat (hot dogs, Strasburg) 
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b) Symptoms emerging after consumption of these foods. 
 
Common symptoms   
Sore stomach     Bloated stomach   
Lots of gas     Feeling dizzy   
Vomiting     Diarrhoea  
Constipation     Feeling tired  
Weight loss     Mouth ulcers  
Very serious symptoms  
Thin and weak bones    Diabetes   
Trouble getting pregnant   Low iron in your blood  
Depression, feeling sad    Poor teeth and gum health  
Cancer 
 
The increasing awareness of celiac disease and sensitivities to gluten has increased the demand for 
wheat-free food products on the market (Cole & Kagnoff, 1985). The management of gluten ataxia 
has not been rigorously addressed in the literature. However, various flours have been used to 
produce gluten-free foods, including corn, millet, rice and sorghum. In terms of the production of 
novel starches there has been a growing interest in sorghum as a potential source. However, there 
has been relatively little research on sorghum in comparison with rice and corn for production of food 
in western countries. Accordingly, this study seeks to enhance understanding of sorghum starch 
granules, in the context of the potential of this source starch for the development of novel food 
products. 
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Figure 4.3 Gluten free and gluten containing flours and starches. 
Extensive studies on starch describe the changes that occur in native starches in granular form during 
processing and cooking of foods. Such processes typically involve heating which leads to the 
gelatinisation of the starch: this is characterised by an increase in granule size as well as a loss of native 
crystallinity. Post-gelatinisation and upon cooling, retrogradation of the starch occurs where the 
starch re-crystallises into a more ordered, less amorphous nature.  This is a two-stage process where 
the amylose retrogrades first rapidly and then amylopectin retrogrades at a slower rate (Wrolstad, 
2012). Usually, this is not desired in the food industry and can lead to unacceptable sensory 
perceptions and hence economic losses. For instance, starch retrogradation leads to flavour loss, 
increased firmness, loss in crispiness and a loss in aroma (Aguirre et al, 2011).  
 In the Food Industry, starch is a valuable raw material, having number of applications including as a 
thickener, a stabiliser, a gelling agent and as a fat replacer (Blazek & Copeland, 2010). A significant 
recent emphasis in food chemistry research at RMIT University has been the safety, nutritive value as 
well as the optimisation of processing parameters and formulation for Asian instant noodles. The 
rapidly increasing adoption of such foods globally as a staple food and the high proportion of 
Australian wheat exports destined for processing of these products warrants further efforts to 
maintain Australia are pre-eminence as a supplier of wheat preferred for the manufacture of high-
quality noodles in Asia (Small 2003). 
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The project hypothesis is the assumption that gluten free sorghum starch would be significantly 
helpful in patients suffering from celiac disease. In addition, it would provide an alternative approach 
for the usage of cereal starch to the consumers in the western markets. 
1. How do the surface characteristics including the presence of surface pores and starch crystalline 
fractions affect the digestion rate of native starches? 
2. How might the stability of microcapsules be evaluated under laboratory conditions designed to 
mimic those at the various stages of the human digestive tract? 
3. How might the properties of starch be manipulated to enhance to provide rapid, reliable ways to 
measure at the limits to be applied in the fortification of staple food products? 
4. How can the starch particles be released in a gradual release process by providing protection? 
4.3 Project aims 
 
The broad aim of the study is the characterisation of gluten free sorghum cereal starch as a food 
component. The specific aims are to: 
1. Evaluate current procedures that can be used to measure the extent of hydrolysis within starch-
based systems; 
2. Study the effect of processing factors which might influence the digestibility of starch as a basis 
for manipulating the glycaemic index of foods;  
3. An enhanced understanding of starch at a molecular level and of the specific properties of the 
starches from the major cereal grains; 
4. New procedures for the evaluation of starch and its characteristics; 
5. Strategies for the use of starches in food formulations for manipulation of starch release 
(glycaemic index) as well as release of micronutrients and 
6. Innovative ways to add value through cereal grain processing and utilise grains for enhanced 
marketability of cereal grains and grain foods as healthy and nutritious produc
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Materials and methods  
 
The purpose of this chapter is to describe the chemicals, reagents, equipment and methodologies 
used during this study. This includes series of procedures that were applied in the preparation and 
sampling such as extraction methodology, slurry formulation, microcapsules along with details of 
calculations. The instrumental methods were evaluated utilising the existing resources within the 
RMIT laboratories of the School of Science in Buildings 3 and 14. 
5.1 Materials 
The chemicals used in extraction and analytical procedures were of analytical grade or of the highest 
purity available, unless otherwise specified. The chemicals used in the study are presented in Table 
5.1. The details of all chemicals and reagents used in this study are presented in a series of four tables 
as follows: general chemicals (Table 5.1), Total starch content (Table 5.2), carbohydrate compounds 
used as analytical standards (Table 5.3) and α-amylase preparations (Table 5.4). The items of 
equipment used, together with the details of manufacturers and model numbers are presented in 
Table 5.5. Details of consumables used are listed in Table 5.6. 
Table 5.1 Sources and details of pulse grains 
Cereal grain   Description   Supplier  
Wheat    Unmodified   Sigma Aldrich, Sydney 
Rice    Unmodified   Sigma Aldrich, Sydney 
Sorghum   Flour    Bobs Mill, Melbourne 
Maize    Waxy    National starch, Sydney 
Mung Bean    Unnamed variety  Commercial, Melbourne 
Potato    Unnamed variety  Commercial, Melbourne 
Tapioca    Unnamed variety  Commercial, Melbourne 
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Table 5.2 Sources and details of general laboratory chemicals 
Analysis    Chemical (code, batch/lot)   Supplier 
Starch isolation   Sodium hydroxide    AJAX1 
Protein    Catalyst     AJAX1 
Sulphuric acid     AJAX1 
Hydrogen peroxide   AJAX1 
Boric acid     AJAX1 
Hydrochloric acid (0.1M)   AJAX1 
Ammonium sulphate    AJAX1 
Particle size Hexane fraction,  HL018, batch (10) 22900   Chem-Supply, Australia 
pH     Potassium Hydrogen Pthalate  Chem-supply, Australia 
(PA023-500g, batch number 
286405)  
Sodium Hydrogen Carbonate   Chem-supply, Australia 
(SA001-500g, batch number  
287321) 
Glycine (1083-500g, batch number Univar, USA  
160521 9452) 
 
Sodium Hydroxide,    Univar, USA 
    Hydrochloric Acid 
 
Note 1. Ajax Chemicals, Melbourne, Australia 
2. Description presented as chemical name (product number, batch or lot number) 





  Chapter 5
  
  
   
-44- 
 
Table 5.3 Sources and details of chemicals used for total starch determination 
 
Chemical     Description    Supplier 
 
Ethanol         AJAX1 
          
3-[N-Morpholino] M-9381, lot 062K5433  Sigma Chemical Co, 
propanesulfonic acid       St Louis, MO, USA 
(MOPS) Sodium salt 
 
Thermostable -amylase  (AA/AMG 11/01)  Megazyme 
Megazyme Total Starch Assay 
Kit  
 
Amyloglucosidase   (AA/AMG 11/01)  Megazyme  
Megazyme Total Starch Assay 
Kit  
 
Glucose oxidase-peroxidase  (AA/AMG 11/01)  Megazyme 
Aminoantipyrine reagent 
Megazyme Total Starch Assay 
Kit  
 
Glucose reagent buffer    (AA/AMG 11/01)  Megazyme 
Megazyme Total Starch Assay 
Kit  
Glucose standard solution  (AA/AMG 11/01)  Megazyme  
Megazyme Total Starch Assay 
Kit  
 
Regular maize starch   (AA/AMG 11/01)  Megazyme  
Megazyme Total Starch Assay 
Kit   
          
Note 1. Ajax Chemicals, Melbourne, Australia 
2. Megazyme International Ireland Ltd., Bray, Ireland 
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Table 5.4 Description of samples of laboratory starch 
Starch      Description    Supplier 
Lintner’s     Cat 0030560    The British Drug Houses  
         Ltd., 
BDH Laboratory Chemicals 
Division, Poole, United 
Kingdom 
 
Maize  Cat 1547, batch 73236   Ajax Chemicals, Melbourne 
Potato      Cat 1534, batch 92476   Ajax Chemicals, Melbourne 
Soluble AnalaR®    Cat 10271, batch 60447  BDH Chemicals, Kilsyth, Aus 





5.2 Apparatus and equipment 
 
The items of equipment used, together with the details of manufacturers and model numbers are 
presented in Table 5.5. The details of Perkin Elmer DSC are outlined in Table 5.6 and Small angle 
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Table 5.5 Details and manufacturers of equipment and instrumentation  
 
Equipment    Model      Manufacturer/supplier 
 
XRD     D8 Advance     Bruker 
 
Minolta Chroma Meter  CR 300   Minolta Camera Co Ltd, 
Osaka, Japan 
 
SEM     Quanta 200     FEI Company, Hillsbora, USA 
 
UV spectrophotometer   U-2000      Hitachi 
 
Pipette     Boeco Adjustable Volume  Boeco Germany 
Pipette 
 
Sieves          Endecotts 
 
Homogenous blenders   Ultra-turrax Model T25    Janke and Kunkel, IKA 
8G attachment    Labortechnik, Stauffen 
Germany 
 
LSA-laser diffraction  Mastersizer X, Model   Malvern Instruments Ltd, 
particle size analyser  MSC025A with slurry   Malvern, UK  
sample cell incorporating  
a magnetic stirrer bar     
 assembly 
 
Centrifuge    Mistral 1000     Rowe Scientific Pty Ltd 
 
Furnace    Module 1020     Serno 
 
Digestion    Tecator 1003     Tecator 
 
Distillation    Tecator 1042     Tecator 
 
Vortex mixer    Ratek VM1.01     U-lab instrument 
 
Hot-stage microscope  Hot-stage (Mettler FP-82), temperature programmer (MettlerFP-90), 
optical microscope (Nikon Lapophot 2), digital camera 
(Nikon E5000), computer (Macintoch) 
 
Microscope slide  Precleaned microscope   Lomb Scientific (Aus)Pty Ltd 
Slides 26 76mm, Cat 7105 
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RVA     RVA-3D, serial number   Newport Scientific Pty Ltd 
    87003 
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Table 5.6 Description of Perkin Elmer DSC components 
Equipment    Manufacturer     Model No 
Balance    Perkin Elmer     AD-2Z Autobalance 
Controller    Perkin Elmer     Thermal Analysis Controller  
         TAC 7/DX 
 
Cover     Perkin Elmer     DSC Cover Part# BO14-3003 
DSC     Perkin Elmer     DSC 7 
Gas selector    Perkin Elmer     Gas selector 
Pan     Perkin Elmer     DSC Pans 30μL Part# BO14- 
         3016 
 




Table 5.7 Description of SAXS components 
Component   Type     Characterstics 
X-ray source   Bruker 1 mS, air cooled   50 W, Cu Ka, l = 1.54 Å, ~1  
         mm beam size 
X-ray optics   Multilayer Montel focussing optics FWHM < 250MM  
and 2D-Kratky collimator 
 
Beam stops   Full elimination (W-blade)  Electronically micro- 
Semitransparent (Ni-blade)  controlled for beam  
         measurement 
 
Resolution & Q range  qmin (HR mode)    0.004 Å-1 
    SAXS range    Up to 7 2 ~ 0.6 Å-1 
WAXS range    19 - 28 2 ~ 1 – 2.2 Å-1 
 
SAXS  detector   Pilatus 100k 2D solid state pixel   Active area 83.8 x 33.5 mm2 
detector. Pixelated CMOS-based pixel size 172x172 µm2 
silicon sensors    20 bit counter depth/pixel 
 
WAXS detector   VÅNTEC-1 gas detector   Active length 50 mm  
         1500 channels 
 
Focussing modes  1. HF-high flux    108 photons/s 
2. S-standard       
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    3. HR-high resolution   qmin 4x10-3 Å-1 
5.3 Laboratory procedures for starch isolation 
 
Sorghum starch was isolated and purified from sorghum flour (Bob’s Red Mill Natural Foods Inc, 
Oregon, U.S.A) using the procedure originally described by Morrison (1984). A solution of NaHS03 
0.5% (w/v) was added to sorghum flour 375 g, stirred and left to steep overnight at room temperature 
(approx. 25C). The liquor was then decanted and distilled water added with stirring to resuspend the 
starch granules. The aqueous solution was passed gently through a 90 µm mesh sieve to extract the 
starch. The residue was rubbed on the sieve with the help of a pestle, adding additional water until no 
more starch was obtained. The starch was recovered by centrifugation at 2000 g for 20 min. A 
proteinaceous layer which formed above the starch was carefully removed by pipette. More water 
was added to the starch and the procedure was repeated until no protein layer formed at the top of 
the starch (4-7 times were required).  
The resultant starch fraction was then treated with 10 volumes of acetone for 2 min to facilitate 
removal of water and recovered by centrifugation at 900 g for 5 min. This step was then repeated 
prior to leaving the resultant starch to dry overnight at room temperature. This yielded a free-flowing 
powder which was then gently passed through a 90 µm mesh sieve with care to avoid any physical 
damage. The procedure was adapted from Morrison, 1984. 
5.4 Analysis of total starch content 
 
To determine the total starch, Megazyme total starch assay kit (K-TSTA 10/15) was used following 
AACC method 76-13.01. The standard procedure was followed without any modifications. The method 
is outlined briefly. The starch sample was weighed 0.1g (weighed as accurately as possible) and treated 
with thermostable α-amylase in a boiling bath for 6 mins. Acetate buffer was added, followed by 
amyloglucosidase and then allowed to stand for 30min at 50C. 
5.4.1 Preparation of sodium acetate buffer 
 
5.8 mL of glacial acetic acid (1.05g/mL) was added to 900 mL of distilled water. Then adjusted to pH 
5.0 by constant addition of 1M (4g/100mL) sodium hydroxide solution (approx. 30 mL was required). 
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0.74g of Calcium chloride dehydrates was weighed accurately and dissolved. The volume was 
adjusted to 1 litre and the buffer was stored at 4C. 
5.4.2 Determination of starch in cereal starch 
 
The cereal was milled and passed through a 0.5mm screen. 100mg of the sample was weighed to a 
glass test tube (16 x 120mm). 0.2mL of aqueous ethanol was then added to wet the sample and aid in 
dispersion. The tube was then stirred on a vortex mixer. Thermostable 3mL α-amylase and 0.1mL of 
AMG are added to the tubes and are then placed in water bath at 50C. The tubes are then incubated 
for 30 mins with intermittent mixing on a vortex mixer. 
The solution was diluted to 10 mL, centrifuged and the glucose content analysed using the GOPOD 
reagent supplied by Megazyme. For quantification, glucose standard solution was analysed. In 
addition, a maize starch reference sample of known composition was supplied by Megazyme and was 
analysed along with the other cereal starch samples under same conditions.  Total starch content was 
calculated based on the formula provided. 
 
Starch % =  Starch % (as is) x    100   x100 
       100 – moisture content (%) 
 




Micrographs were recorded using an FEI Quanta 200 ESEM microscope (Oregon, USA) at the RMIT 
Microscopy and Microanalysis Facility (RMMF). Dried starch granules were spread evenly on the 
copper stubs with double sided adhesive carbon tape. These were then gold coated using a gold 
sputter unit with an argon gas environment. ESEM images were recorded at an accelerating voltage 
of 30 kV using secondary back scattered electrons, an internal diffraction TV camera (CCD) and 
software. In all cases a series of micrographs of samples were obtained at various magnifications. 
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Measurements were performed on a Bruker Microcalix instrument using 50 W Cu K radiation at a 
wavelength of 1.54 Å. Measurements were carried out under vacuum, and scattered X-rays was 
detected using a Pilatus 100 k detector. Following addition of water each starch sample was weighed 
(2.3mg) and placed into a glass capillary (Hilgenberg, Germany). The sample tube was sealed using 
epoxy glue to prevent any change in the water content during the analysis. Scattering measurements 






X-ray diffractograms of the powdered subsamples were obtained using a Bruker D4 Endeavor under 
the following conditions: 2θ range of 5-90°, voltage of 40kV, current of 35mA, rate of 0.3/s and a 
stepsize of 0.02. Spectra were interpreted using Bruker DIFFRAC.EVA software (version 4.2.0.31). 
Results were smoothed with a maximum smoothing of 0.599, minimum of 0.020 and smoothing factor 
of 0.150. The degree of crystallinity (DC) was calculated from the X-ray diffractograms. 
5.7 DSC (Gelatinisation) 
 
Starch (1 g) of known moisture content was intimately mixed with an appropriate amount of distilled 
water in small glass bottles with air tight lids to obtain a starch/water ratio of 1 :2 (on dry basis). 
Portions (10-20mg) of the well mixed starch/water suspension were transferred into previously 
weighed aluminium DSC pans (kit no. 219-0062) using small glass pipettes. The pans were immediately 
sealed, and the sample weight determined. The DSC head was pre-cooled to 9°C using liquid nitrogen. 
The sample pan was placed on the sample holder with an empty pan as the reference (M. Wootton 
and A. Bamunuarachchim,1979). 
5.8 Microencapsulation   
5.8.1  Slurry preparation 
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In 1993, Shahidi and Han suggested that microencapsulation is comprised of four stages preparation 
of the dispersion, homogenisation, and atomisation of the suspension followed by dehydration of the 
atomised particles.  
5.8.2 Spray drying 
 
The spray dryer was pre-equilibrated with an inlet temperature of 120ºC and outlet temperature of 
80-85ºC. The slurry was fed at a constant flow rate of 7mL/min using a peristaltic pump and the 
atomiser was spun at a pressure of 5kg/cm². The slurry was kept under constant stirring using a stirring 
rod to prevent the settling of the rice starch. The spray dried microcapsules were collected in a pre-
weighed glass jar. At the end of the run, the spray dryer chamber was brushed to collect microcapsules 
that had adhered to the inner surface side of the chamber walls and this material was stored in a 
separate glass jar. Yield was calculated using both glass jars as follows:  
5.9 Particle size analysis by laser diffraction  
5.9.1 Laser diffraction settings & definition 
 
Presentation: the mastersizer involves two main stages in the measurement of a sample. Firstly, it 
captures the scattering of light patterns of the particular sample i.e. carries out a measurement. 
Secondly, the data measured is interpreted by a predetermined presentation which involves 
predicting scattering pattern of the sample from theoretical particles. There are three presentations 
available from the Mastersizer X. 
Analysis refers the choice of analysis mode. A polydisperse model was selected as this model does not 
assume anything about the shape of the result graph. Other models are also available including 
multimodal model which assumes that there will be one or more distinct peaks in the resulting graph 
thereby indicating several distinctive sizes of particles. On the other hand, a monomodal model 
assumes there will be only one distinctive peak and hence only one size of particle. 
Obscuration is a measure of light lost through the incorporation of the sample thereby aiding in 
controlling the concentration of the sample when added to the dispersant. An obscuration of 10-30% 
is ideal.  
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Residual indicates how well the data analysed was fitted to the measurement data. A good fit would 
have result in a residual of less than 1%. A residual above 1% would indicate incorrect presentation of 
data.  
Distribution indicates the type of distribution the analysis has used. Fundamentally, the Mastersizer 
carries out a volume distribution. Yet, the volume distribution can be modified (modification) to a 
surface area, number or length distribution through a mathematical process which will inherently 
impart higher error to the original results.  
Concentration is calculated through the Beer-Lambert law which states that there is a linear 
relationship between absorbance and concentration of an absorbing species. It follows the equation 
A= ε * b * c, where A is the Absorbance, ε the wavelength-dependent absorptivity coefficient, b is the 
path length, and c is the analyte concentration. 
Statistics of the distribution  
Along with the setting available, statistical results of the distribution can be obtained. These are:  
D(v, 0.1) - the size of particles for which 10% of the sample is below this size.  
D(0, 0.5) - the size of particles for which 50% of the sample is below and above this size. It is also 
known as the Mass Median Diameter (MMD).  
D(0, 0.9) - the size of particles for which 90% of the sample is below this size.  
D(4, 3) - is the volume mean diameter.  
D(3, 2) - is the surface area mean diameter also known as Sauter mean.  
Uniformity refers to the absolute deviation from the mean.  
SSA stands for Specific Surface Area calculated by dividing the total area of the particles by the total 
weight. 
Span is a measurement of the width of the distribution and the smaller the span, the narrower the 
width. It is calculated as follows:  
D(0, 0.9) – D(0, 0.1)  
D(0, 0.5) 
  Chapter 5
  
  
   
-54- 
 
5.9.2 Analysis of starch samples 
 
Particle size analysis was carried out using a Mastersizer X equipped with a 45mm lens with a reading 
size range of 0.1 to 80μm. Swelling of starch particles was considered and preliminary trials (not 
mentioned in the thesis) has shown comparable results between Milli-Q water and iso-butanol as 
dispersant. Hence, the flowing cell was rinsed several times with the dispersant, Milli-Q water. Starch 
samples were mixed with a spatula at least 20 times. The system was aligned and a background 
reading was taken before each sample was analysed. Duplicate samples were suspended in the 
dispersant and the amount of sample was adjusted so that an obscuration close to 30% was obtained. 
Duplicate readings were taken for each analysis. 
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5.9.3 Analysis of microcapsules 
 
The same procedure was followed as for starch samples but a stirring cell was used instead of a flowing 
cell. iso-Butanol was used as the dispersant to minimise microcapsule dissolution and the Mastersizer 
X was equipped with a 100nm lens with a reading range of 0.5 to 180μm. Duplicate sub-samples were 
analysed and in addition with duplicate readings taken for each treatment or batch of samples. 
5.9.4 Interpretation of results 
 
The information obtained from the light scattering of the samples was collected and evaluated using 
the Malvern software data system Version 3.10. A polydisperse analysis model, a standard-wet 
presentation (2OHD) and a volume distribution were chosen. A residual of <1% was confirmed to 
indicate correct presentation of data. The median (D(0,0.5) and uniformity (absolute deviation from 
the median), span and graph were presented unless otherwise specified. 
5.10 Other tests 
5.10.1 Moisture content  
 
The moisture content of native starch, starch fractions, microcapsules and food products was carried 
out using the air oven method. Empty dishes and lids were placed in the pre-equilibrated air oven at 
130±3ºC for 1h. The dishes were immediately placed into an air-tight desiccator until cooled to room 
temperature (30min). Samples (2g) in duplicate were weighed into each empty metal dish before the 
dish containing the sample (uncovered) and the lids (separately) were returned to oven for 1h. Dishes 
were covered while still in the oven and transferred to a desiccator and weighed soon after reaching 
room temperature (45min cool down). The heating, cooling and weighing steps were repeated until 
no further change in mass (AOAC, 1990).  
5.10.2 PH 
 
For each treatment 20.0g of starch was placed in a beaker, 30.0g of either buffer solution or water 
was added (for samples were left at altered pH for 24 hours 60.0g of buffer solution was used). The 
two were stirred to form uniform slurry by hand mixing for approximately one minute and then placed 
into an incubator set to 30°C. Samples were removed from the incubator at various times. The pH was 
then neutralised by adding HCl or NaOH until the pH meter showed a stable reading of 7.0. Samples 
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then had water added until a total of 30.0mL of liquid had been mixed into them. These samples were 
then returned to the incubator until the following day. The starch slurry was placed in a freezer at -
80°C for 2 days. The completely frozen samples were then transferred to the freeze dryer for 48 hours. 
The resulting powder was ground using a mortar and pestle and stored in air-tight containers. At least 
duplicate samples were prepared on different days for each condition. 
5.11 Microencapsulation 
 
Various methods have been investigated and used for microencapsulation. There are three main 
steps required in all cases. These are (1) the formation of the wall around the core material, (2) 
ensuring leakage does not occur and (3) ensuring that undesirable materials are excluded (Gibbs et 
al., 1999). The choice of microencapsulation technique needs to account for the properties of the 
core and wall materials, the type of release mechanisms desired, the microcapsule morphology as 
well as the particle size (Augustin et al., 2001).    
5.11.1  Slurry preparation 
 
A series of spray drying trials was carried out to assess the effect of changes in formulation on the 
particle size and morphology of the microcapsules. The starch samples were hydrated with Milli-Q 
water by constantly stirring the starch overnight at room temperature. Cereal starch (6.25-30% w/v) 
was dispersed in Milli-Q water using an overhead stirrer with gentle heating. The hydrated starch  
slurry was fed to the spray dryer while maintaining the homogeneity by stirring with the help of a 
magnetic stirrer for at least 30min. The slurry was at room temperature. 
5.11.2 Spray drying 
 
The spray dryer was pre-equilibrated with an inlet temperature of 80ºC and outlet temperature of 80-
200ºC. The slurry was fed at a constant flow rate of 7mL/min using a peristaltic pump and the atomiser 
was spun at a pressure of 5kg/cm². The slurry was kept under constant stirring using a stirring rod to 
prevent the settling of the cereal starch. The spray dried microcapsules were collected in a pre-
weighed glass jar. At the end of the run, the spray dryer chamber was brushed to collect microcapsules 
that had adhered to the inner surface side of the chamber walls and this material was stored in a 
separate glass jar. The sealed glass jars containing the microcapsules were immediately covered with 
aluminium foil and stored at ambient temperature until further analysis.   
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The procedure was performed as described by Nilsson and others, 1996 with some minor adjustments. 
Samples were dissolved (5 mg/mL) in deuterated DMSO (100%, 99.96 atom % D, Sigma Aldrich, St 
Louis, MO, USA) in a screwcapped bottle at 100 C for 15 min with continuous stirring at low speed, 
followed by freeze-drying. Exchange of hydroxyl protons was performed in order to reduce 
interference from the residual solvent resonance. Thus, 1.0 mL D2O (isotropic purity > 99.9 atom % D, 
Sigma Aldrich, St Louis, MO, USA) was added to 5 mg of the sample, heated at 100 C for 15 min 
followed by a second freeze-drying. The dried, deuterated sample was dissolved in 1 mL of D2O and 
heated for 30 min at 100 C before analysis. The one-hour NMR measurements were performed with 
a spectrometer (ARX 500, Bruker Fällanden, Switzerland) operating at 500 MHz
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Results and Discussion 
Extraction, composition and comparative analysis of cereal starches 
with sorghum starch 
 
The purpose of this chapter is to discuss the selection and application of the isolation methods for 
cereal starches on a laboratory scale. This includes a description of the modifications to existing 
procedures and the results obtained when starch was extracted from the cereal flour. The analytical 
methods have been applied in order to characterise the cereal starches and a sample of commercial 
wheat starch has been tested for comparative purposes. 
6.1 Introduction 
Currently cereal starches are produced in various countries in large quantities particularly in 
comparison with legume starches. Cereal starches form a primary source of staple food products 
across the globe. They are also used as additives into food products for example as thickening agent, 
jam, gels, sauces, jelly, gravy, snacks, vermicelli, soup, biscuits and creamy desserts. The current 
increase in the wheat free food market has been due to an increased awareness and diagnosis of celiac 
diseases. (Cole & kagnoff, 1985; Collin et al.2002). Various cereal flours have been used lately to 
produce wheat free foods such as corn (Sanchez et al., 1996), rice (Ylimaki et al., 1991), sorghum 
(Karsarda, 2001), millets, and soybeans (Ranhotra et al., 1975). Even though sorghum is the 5th largest 
crop produced worldwide and has proven to be safe for people with gluten sensitivity (Ciacci et., al 
2007), the literature is extremely scarce in comparison with corn and rice in exploring sorghum for the 
food production in western markets.  
In reviewing the food applications of the various starches, it was found that there are potential 
applications for starch isolates having many different characteristics. In order to systematically 
investigate the suitability of cereal starches for food processing, it was first necessary to consider 
alternative isolation procedures, particularly from the perspective of the ease with which the 
approach could subsequently be adapted to a commercial scale. 
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Whilst it is known that the starch content varies amongst different cereals, procedures have been 
reported for the isolation of the starch from these grains using relatively basic and simple procedures. 
In this context, cereals have been known to exist in range of sizes and shapes. The soaking solutions 
can more readily penetrate some types of cereal seeds in comparison to others. Apart from the 
variations in seed size of the grains, the seed coats of dried cereals also show considerable differences 
in properties. Some are more difficult to soften than others. Accordingly, it is important to select an 
isolation method that allows the extracting solution ready access to the varied structures and is also 
suitable for each of the specific cereals used in this study. 
After subsequent extraction and drying procedures, samples of the cereal starches were analysed for 
various compositional components as well as the colour. The specific purpose was to firstly assess the 
effectiveness of isolation procedures adopted in this study for the cereal starches. In addition, the 
analyses provide a basis of comparison between the four cereals with the commercial sample. 
Furthermore the results provide a basis for evaluation of the colour attributes of the food products in 
which the starches have been incorporated in subsequent phases of this study. The analyses reported 
here are the contents of total starch, moisture, protein content along with measurements of pH and 
colour features. 
6.2 Selection of a suitable method for starch extraction  
In reviewing approaches to starch extraction, it was found that various published procedures are 
available. Some of the variations in approach to starch extraction have reflected differences required 
due to the types of plant tissues being extracted. Thus, cereal starches often need to be separated 
from relatively insoluble proteins. The industrial process of starch isolation from commercial sources 
consists mainly of the separation of starch from protein and fibre. Important considerations in starch 
isolation include avoidance of amylolytic or mechanical damage to the starch granules during the 
initial isolation steps, effective removal of the protein from the starch, and minimizing the loss of small 
granules (Schulman & Kammiovirta, 1991). Commercial production and use of small granule starch is 
still of relatively minor importance due to difficulties experienced in the isolation and purification of 
small granule starch and the associated costs. Processing experience on a laboratory scale has also 
been problematic. As a result, small granule starch often has high protein content and a portion of the 
small granule starch fractions. Some of the more widely adopted methods are those originally 
published by (Morrison, 1984). 
For the laboratory extraction of starches the general approach typically involves alkaline treatment. 
Dry cereal grains are usually soaked overnight in mild alkaline solution, in order to soften the seeds 
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and also to breakdown the protein-starch matrix in the seeds. After soaking, the seeds are washed 
repeatedly and then blended. The starch slurry is treated by a centrifugation step to facilitate starch 
collection. The resultant starch is then dried overnight under the hood at room temperature prior to 
storage for subsequent analysis. 
Sorghum starch was isolated and purified from sorghum flour (Bob’s Red Mill Natural Foods Inc, 
Oregon, U.S.A) using the procedure originally described by Morrison, Milligan and Azudin (1984). A 
solution of NaHS03 0.5% (w/v) was added to sorghum flour 375 g, stirred and left to steep overnight 
at room temperature (approx. 25C). The liquor was then decanted, and distilled water added with 
stirring to resuspend the starch granules. The aqueous solution was passed gently through a 90 µm 
mesh sieve to obtain the starch. The residue was rubbed on the sieve with the help of a pestle, adding 
additional water until no more starch was obtained. The starch was recovered by centrifugation at 
2000 g for 20 min. A proteinaceous layer, which formed above the starch, was carefully removed by 
pipette. More water was added, the starch resuspended and the procedure was repeated until no 
protein layer formed at the top of the starch (4-7 times were required). The resultant starch fraction 
was then treated with 10 volumes of acetone for 2 min to facilitate removal of water and recovered 
by centrifugation at 900 g for 5 min. This step was then repeated prior to leaving the starch product 
to dry overnight at room temperature. This yielded a free-flowing powder, which was then gently 
passed through a 90 µm mesh sieve with care to avoid any physical damage.  
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Figure 6.1 shows the sorghum starch isolation a) washing, b) centrifugation, c) sedimentation and 
d) drying. 
6.3 The impact of variation in temperature usage during isolation techniques for 
starch extraction 
 
The steeping was performed at room temperature in order to differentiate amongst the yield. The 
starch-protein matrix was found to vary considerably. The yields of starch from the cereal samples 
varied between 24% and 30%. The differences between these could be due to the usage of 25 degrees 
temperature used at the time of steeping and the room temperature. As a result of this, the 
penetration rate of the soaking solution might also be expected to vary. Soaking sorghum flour for 
twelve hours with continuous stirring appeared to be insufficient to break the starch – protein matrix 
in the flour, and the protein layer was formed much less and remained difficult to remove even after 
this soaking treatment. The problem with sorghum starch not releasing the protein at room 
temperature could also be caused by the size of particles. In an attempt to overcome these problems, 
a trial was set up in which the sorghum flour was steeped for twenty-four hours rather than twelve 
hours. For this the initial twenty-four hour period involved continuous stirring at room temperature, 
followed by the second twenty-four hour, which was without stirring, and a temperature of twenty-
five degrees Celsius was applied. 
 
After soaking for forty-eight hours, the starch – protein matrix was loosened or separating readily from 
the underlying tissue during the washing process. For these trials the total length of time required was 
quite long and it was also laborious to scrape the top layer of the protein formed of each individual 
starch sediment. Despite these limitations, the overall effectiveness of the revised extraction 
approach resulted in yields of starch that were substantially higher.  
After the centrifugation and the final drying process, utmost care was taken to pass the starch through 
a 90 µm mesh sieve in order to avoid any physical damage. 
6.4 Effectiveness of centrifugation and sedimentation of starch slurry 
The centrifugation of starch slurry could only applied to a smaller volume of slurry, whereas 
sedimentation in a beaker had no limitation on the volume. Hence, the starch slurry was poured into 
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a 1L glass beaker after blending and left on the bench top for sedimentation at room temperature for 
about thirty minutes (Figure 6.1). 
 
One of the major problems encountered in the isolation process was that a layer of colour deposit 
would settle on top of the white starch layer after centrifugation of the starch slurry as shown in Figure 
6.1 (b). The coloured layer was the insoluble flocculent protein and fine fibre, and the colour of this 
layer is formed in accordance with the colour of the grain. Similar difficulties were reported by 
Waczkowski and others (1989) and Qi and Phillips (2004). A spatula was used with a light scraping 
motion to carefully scrape off most of the layer. The process was repeated until no protein layer was 
formed. However, the amount removed was relatively less and did not cause a significant loss of the 
starch layer. 
6.4 Yield of starch extraction  
The yield of every starch sample was calculated based on the following formula, and the results 
are shown in Table 6.1. Selected experimental results that represented the results obtained from 
the final extraction method were compared with literature values in Table 6.4. 
 
Yield  = Weight of starch after drying  
Weight of cereals  × 100% 
 
 
Table 6.1 Yield of starch extraction at room temperature at steeping 
 
Starch      Yield of starch extraction (%) 
    1st Yield     2nd Yield  
Sorghum 1   18.05     12.04   
          
Sorghum 2   15.77     18.11 
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Table 6.2 Yield of starch extraction using heat at steeping 
Starch      Yield of starch extraction (%) 
    1st Yield     2nd Yield  
Sorghum 1   25.80     22.43   
          
Sorghum 2   28.47     32.64   
        
 
Table 6.3 The yields obtained in a series of trials for starch extraction from sorghum starch  
Sorghum Starch  Yield of starch extraction (%) 
 
Trial 1   18.30     
Trial 2   23.32 
Trial 3   33.75 
Trial 4   30.10 
Trial 5   34.97 
 
Table 6.4 A comparison of the yield of extracted starch with the literature values 
Starch    Experimental result    Literature values 
   “as is” basis  dry weight basis  
Sorghum A  30.01   35.08   n/a 
Sorghum B  33.07   36.04   n/a 
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The yield of starch extracted in this study ranged from 30% to 33% (expressed on an “as is” basis), It 
is interesting that when sorghum starch was extracted utilizing heat during steeping the yields were 
higher as compared to the starch extracted at room temperature. As reported in Table 6.4. This 
difference may reflect variations in the methodology. Another issue is the variations associated with 
the cultivar attributes, with very few studies providing clear comparisons that demonstrate the impact 
of genetic factors on the composition of cereal grains. Further studies of these issues were beyond 
the scope of the current study but are recommended for future studies
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6.5 Total starch content 
 
Starch is vital in terms of creating the textural profile of the product hence; starch content forms major 
interest in starchy foods. There are varied methods to determine total starch content. However, a test 
kit is available commercially for convenient, accurate and effective testing. The starch samples in this 
study were tested using a total starch assay kit from Megazyme International Limited, Ireland. In the 
context of determining the starch content of cereals, total starch content is usually measured from 
cereal mill, but in the current study, total starch content was measured from starch sample to 
determine the purity of the starch. Hence, no literature value was compared with the experimental 
result from this study. 
The laboratory isolated sorghum starch was compared with a commercial wheat and rice starch, whilst 
the maize starch provided with the assay kit was used as a control. According to the label, the maize 
control was regular maize starch with 96.1% starch on a dry weight basis and 14% moisture, hence 
82.4% starch on the “as is” basis. The experimental results are shown in Table 7.1. The total starch 
content of the maize control was the same as the content on the label, which reflected the validity of 
the experimental results. The total starch content of laboratory isolated sorghum starch was 103.5% 
(dry weight basis) found to be much higher as compared to that reported by Liu and others (2012) 
68.59% (dry weight basis) in the commercial sample. Therefore the isolation method adopted within 
this study was effective in producing pure starch. The starch content of the four cereal starch samples 
was close to 100%, with wheat starch having the highest purity and rice starch the lowest. 
Table 6.5 Total starch content of various cereal starches in comparison to the control maize starch 
 
 
Starch source    as is basis   dry weight basis 
     (g/100 g)   (g/100 g) 
Wheat     88.0 ± 0.4   101 ± 0.4 
Wheat (flour)    69.0 ± 2.3   76.6 ± 2.7 
Rice      84.6 ± 0.5   98.7 ± 0.4  
Sorghum     92.1 ± 1.6   103.5 ± 1.9 
Sorghum (flour)    70.0 ± 0.8   77.8 ± 0.9  
Maize (control)    82.4 ± 0.4   96.1 ± 0.4 
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Note 1  Results are the mean of at least duplicate analyses and are expressed as mean ± sd 
2  The maize starch (14% moisture) is provided in Megazyme Total Starch assay kit 
 
6.6 Moisture content 
 
The moisture content of laboratory isolated sorghum starch samples ranged from 11.3 to 13.2%, 
slightly higher than the 8.8% of the unmodified wheat starch (Table 7.2). It is expected that the 
moisture content of starches would be closely related to drying conditions applied and particularly to 
the length of the drying period used following the isolation process. The comparable data is limited 
on moisture analyses, although according to (R. Hoover & Sosulski., 1985), the moisture content of 
selected cereal starch preparations varied from 9.2 to 3.4%. 
Table 6.6 Moisture content of various cereal starches 
 
Starch    Experimental data (%)  Protein (%) 
Wheat (unmodified)   8.8     0.3 
Rice    7.5 – 13.5    0.17 
Sorghum   11.3 – 13.2    0.3 
Waxy Maize   13.04     0.24   
Note  Results are the mean of at least quadruplicate determination  
 
The protein content in the laboratory extracted sorghum starch was found to be much lower 0.3% dry 
weight basis as compared to the literature values of 11.30% (dry weight basis) for commercial sorghum 
as recorded by Liu and others (2012).   
6.7 pH 
 
The pH values of the starches were also measured, and typical results were 5.9 for wheat, 10.6 for 
rice, 6.2 for sorghum and 7.4 for maize starch. Wheat and rice fall in the range as compared to the 
literature values. However, no literature data was available for comparative purposes for sorghum 
and maize starch. The most fundamental changes that occur to starches on modification are to the 
morphology of the granules. Any change to the granule will influence many other characteristics of 
  Chapter 6
  
  
   
-68- 
 
the starch. Predominantly, evidence shows that any significant change to the pH of a solution will have 
a damaging effect on the integrity of the granules (Majzoobi, 2014; Phothiset, 2007). Acidic or alkaline 
both modifications would result in cracks and holes appearing on the surface of the starch granules. 
Along with changes to the granule surface, some changes in crystallinity are observed when exposed 
to varying pH conditions (Srichuwong, 2007). 
 
Table 6.7 pH of various cereal starches 
 
Starch source   Experimental results   Literature value 
Wheat     5.9     5.0 – 6.5 
Rice    10.6     5.9 – 7.0 
Sorghum   6.2     n/a 
Maize    7.4     n/a 
Note  1 Results are the mean of duplicate analyses  
2 Literature are summarised from (R.  Hoover & Ratnayake, 2002) 
3 In some cases comparison of data from different sources may have variations 
resulting from the way values have been presented. Generally, the literature values were 
reported on a dry weight basis or were recalculated if it was possible 
4 na indicated data not available 
 
6.8 Summary of results obtained during the study of starch extraction  
In this study, the aim has been to evaluate and apply a method of starch extraction, which is relatively 
simple and might readily be adapted to larger scale preparation conditions. Within this context, 
increasing the yield of starch during extraction was not the immediate priority. Rather, an acceptable 
yield of starch having medium to high purity was the purpose of this study. The method applied was 
selected as a comparatively practical approach for extracting starches from cereals on a laboratory 
scale. The yields of the starches obtained here ranged between 30.01% and 33.07% (Table 6.4, 
expressed on an ‘as is’ basis) and, visually, the resultant dried starches had an attractive appearance. 
The products have been used for further investigations into the purity and other characteristics of the 
dry cereal starches. These studies form the basis of subsequent chapters of this thesis. 
The purity of the starch was evaluated based on the yield and composition of other materials. The 
yield of the starch recovered from the cereals varied from 18.0% to 36.4% in sorghum and all starches 
contained less than 1.5 % of other constituents. These results were similar to those of other studies. 
Singh and others (1985), reported an average starch yield of 31% for chickpea. The total starch content 
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of the starches ranged from virtually 100% (wheat and sorghum) to 98.7% (rice starch). Minerals are 
not distributed evenly in the grain. The amount of protein content present in isolated starch is a good 
indicator of starch purity. The protein content was relatively low, ranging from 0.3% (wheat) to 0.17% 
(rice) and the moisture content ranged from 8.8% (wheat) to 13.04% (waxy maize). Overall, maize had 
the lowest total starch and the highest impurity content whereas, sorghum starch had the highest 
total starch and the lowest impurities
  Chapter 7







Results and discussion 
Study of gelatinisation and pH Analysis 
 
The purpose of this chapter is to analyse the cereal starch samples and their specific gelatinisation and 
retrogradation temperatures using the differential scanning calorimeter equipment. In addition to 
analysing the results obtained for the starches prepared in the laboratory. In order to further confirm 
the results regarding gelatinization properties from the DSC studies, the heating of starch slurries was 
also observed along with studying the starch in both alkaline and acidic environment based on the pH. 
7.1 Introduction to DSC analysis 
 
There has been a substantial amount of research on the effect of an acid or alkali treatment on the 
gelatinisation properties of starches through various sources. Gelatinisation is the process wherein 
starch granules swell up by the intake of moisture and the internal structure is destroyed (Ross, 2012). 
This usually occurs in starch when it is heated beyond approximately 65°C in the presence of water; 
the initial gelatinisation temperature varies with the source of starch and the changes occurs over a 
range of temperatures. Thermal gelatinisation is a process that can occur under high pressure and on 
exposure to highly alkaline conditions (Builders, 2014; Delcour, 2010; Yamamoto; Sugitani, 2005). 
 
It is understood that this phase transition is associated with the diffusion of water into starch granules, 
water uptake by the amorphous background region, hydration and radial swelling of the starch 
granules, uptake of heat, loss of crystalline order as well as uncoiling and dissociation of double helices 
in the crystalline regions (Hoover & Ratnayake, 2002). The method of studying thermal properties with 
DSC is based on the measurement of minor thermal effects produced in thermal processes. The 
sample and a reference are placed into a sample holder within the DSC instrument, and a temperature 
program is set to suit the purpose of the measurement. If there is a phase change in the sample, a 
temperature difference will be detected between the sample and the reference, then energy is 
supplied or subtracted until they are again maintained at the same temperature (Pomeranz, 2000). 
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The recorder in the DSC system produces a thermogram showing gain or loss of energy as the sample 
is scanned at a fix rate, for example ten degrees Celsius per minute.  
 
Variety of approaches were utilised to select an appropriate method for analysing the cereal starch 
gelatinisation using DSC. Since, there aren’t widely accepted set of parameters in use, it was decided 
that preliminary trials would be run to determine suitable methods for this study. Starch gelatinisation 
was studied using DSC instrument: Perkin-Elmer DSC 7 unit in RMIT University building 3. 
7.2 Selection of method utilised for analysing retrograding in cereal starches 
7.2.1 Sample preparation 
 
Between 3.0 and 5.0mg of well mixed slurry was added to a sample pan and this was sealed. Samples 
were heated in the DSC against a blank reference pan. The heating profile involved equilibration at 
25.0°C for one minute followed by heating to 95.0°C at 10.0°C per minute. It is noted that in the 
literature, typically DSC analyses for starch are run to higher temperatures than 95°C, including 105°C 
and 110 (Polesi, 2016; Yamamoto et al., 2006) however in the establishment of the method for the 
current study, preliminary runs showed little of interest over 90°C so the maximum temperature was 
reduced. Results were recorded and interpreted using Perkin Elmer Pyris software (version 
70.0.0.0110). A curve was calculated from the sample and calibration reference and two points of 
similar heat flow values were selected on either side of the peak to serve as peak boundaries. The 
software was then used to calculate peak onset (°C), peak end (°C), peak (°C), peak height (J/g°C), peak 
area (J/g°C ´ minutes) and enthalpy (DH) (J/g). 
 
7.2.2 Impact of premixed slurry on storage 
 
The premixing of starch with water was studied in order to analyse if it would result in some specific 
change in terms of gelatinisation characteristics measured by DSC. Premixed starch slurry was 
compared with non-premixed samples. For the latter, starch powder was weighed directly into DSC 
pans using a micro-spatula, water was then added using a pipette, the weights recorded and finally 
each pan was sealed with a lid. The sample was not stirred at any stage to mix the starch and water. 
Despite following a simple procedure of pipetting water into the DSC pans containing the starch 
powder the amounts were considerably were very small. Experiments clearly reflected that there is a 
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possibility of spillage when water is being added and not mixed. The results show that the premixing 
of the starch slurry is more favourable, 76and it is likely that this reflects the greater ease of pipetting 
the slurry into the pans without spillage.  
Two set of experiments were established in order to analyse the starch slurry being premixed and run 
at zero hours and stored at room temperature for eighteen hours prior to running the samples. The 
results indicated that the samples run at zero hours did not demonstrate any gelatinisation peaks 
whereas samples run after eighteen hours of storage reflected gelatinisation at around sixty five 
degrees Celsius. The result was consistent amongst all the four cereal starches.  
7.2.3 Analysis of various cereal starches using Perkin Elmer DSC 7 
 
The DSC analysis was carried out on various starches from different sources, including wheat, maize 
and potato. Cereal starch samples were then run in order to perform a comparative analysis in their 
native form and then at different pH values beginning from alkaline to acidic conditions. A summary 
of the findings is presented in Table, and the literature comparison of those starches can be found in 
Table. 
 
All starches gave a single endotherm peak corresponding to the peak which is commonly referred to 
as the gelatinisation endotherm. This is ascribed to the water-mediated melting of the starch 
crystallites, which has been described as being initiated by stripping of starch chains by the swollen 
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Figure 7.1 – shows DSC thermo grams a, b and c of native wheat (unmodified), rice and laboratory 
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Table 7.1 DSC gelatinisation characteristics of cereal starches  
 
Starch   Peak Peak Peak  Height  Peak Area DH (J/g) 
  Onset End (°C) (J/g°C)  (J/g°C x mins) 
 
Wheat  59.47 66.72 62.54 0.514  0.483  2.413 
Rice  63.24 77.03 69.48 0.411  0.729  3.643  
Sorghum A 67.71 76.66 72.27 0.368  0.221  2.208 
Sorghum B 67.66 77.06 72.26 0.403  0.23  2.303  
  
7.3 pH analysis 
 
There has been considerable amount of research on acidic and alkaline treatments of starches over 
time and its effect on gelatinisation. However, there is scarce literature in terms of gluten free cereal 
starch treatments. It has been evident by various studies that the morphology of the starch granule 
changes along with crystallinity when treated with alkali or an acid. Gelatinisation occurs when the 
granule swells by the uptake of moisture at a given temperature, in addition the internal structure 
gets destroyed (Ross, 2012) . It was reported by various studies that To, Tp, Tc and H of the native and 
cross-linked wheat reduced as the acid was added. In addition, it was incurred that the decrease in 
the gelatinisation temperature and enthalpy may have manipulated the internal crystallinity and 
morphology of the starch granule. Therefore, it would utilise lesser energy to melt the crystalline 
structure of the molecule (Choi & Ker, 2004; Majzoobi, 2014). 
7.3.1 Treatment of starch under different pH conditions 
 
For each treatment 20.0g of starch was placed in a beaker, 30.0g of either buffer solution or water 
was added (for samples left at altered pH for 24 hours 60.0g of buffer solution were used). The two 
were stirred to form uniform slurry by hand mixing for approximately one minute and then placed 
into an incubator set to 30°C. Samples were removed from the incubator at various times. The pH was 
then neutralised by adding HCl or NaOH until the pH meter showed a stable reading of 7.0. Samples 
then had water added until a total of 30.0mL of liquid had been mixed into them. These samples were 
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then returned to the incubator until the following day. In each case, sub-samples were taken for DSC 
analysis and the remaining starch slurry was placed in a freezer at -80°C for 2 days. The completely 
frozen samples were then transferred to the freeze dryer for 48 hours. The resulting powder was 
ground using a mortar and pestle and stored in air-tight containers. At least duplicate samples were 
prepared on different days for each condition. 
Differences were observed in the gelatinisation properties of starch samples treated at differing pH 
values for three hours (Table 7.2). It can be seen from the data obtained that adjusting pH away from 
neutral values causes an increase in the gelatinisation temperature, primarily at the acidic end of the 
spectrum; there is no significant difference between neutral or pH 3.0, pH 5.0 and pH 9.0 but all other 
pH levels are different from each other. Figure 7.2 validates this; the curve for pH 11.0 is shifted to 
higher temperature than the neutral sample. The data collected does not specify any significant 
variation within the other results. Therefore, it is recommended for further studies to focus on 
gathering more data and replication of analyses is suggested to create a reduced amount of variation. 
 
Table 7.2 DSC gelatinisation characteristics of sorghum starch after exposure to 
varying pH conditions for 3 hours 
 
 
pH  Peak  Peak  Peak Peak Height Peak Area DH (J/g) 
  Onset  End  (°C) (J/g°C)  (J/g°C x mins) 
 
Native  69.69  79.43  74.73 0.5  0.304  3.038 
3.0  71.49  80.68  76.26 0.402  0.24  2.405 
5.0  72.12  81.86  76.77 0.467  0.289  2.887 
7.0  73.35  82.77  78.75 0.465  0.259  2.586 
9.0  73.44  81.29  77.78 0.457  0.245  2.452 
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Figure 7.2 Typical DSC curves for samples kept at pH levels for 3 hours 
 
Table 7.3 summarises the differences in gelatinisation properties when samples have been exposed 
to pH conditions over 24 hours. It is to be noted that strong alkaline conditions show a greater effect 
over this longer period of time compared to three hours. The increase in peak temperature is 
significantly greater for starch that has been at pH 11.0 for 24 hours than for samples left for 3 hours; 
this is also evident when comparing the DSC curves in Figure 7.3. At other pH values little to no changes 
were observed over the longer periods. In addition to this, starch treated at pH 11.0 for 24 hours 
tended to show a lower and less smooth peak curve than other samples, as can be seen in Figure 7.3 
and Table 7.3. These samples also showed much reduced peak area and lower gelatinisation enthalpy 
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Table 7.3  DSC gelatinisation characteristics of sorghum starch after exposure to 
varying pH conditions for 24 hours 
 
 
pH   Peak  Peak  Peak Peak Height Peak Area DH (J/g) 
  Onset  End  (°C) (J/g°C)  (J/g°C x mins) 
 
Native  69.74  79.75  74.74 0.521  0.322  3.216 
3.0  71.62  79.97  76.24 0.351  0.179  1.791 
5.0  72.46  81.35  77.23 0.467  0.259  2.588 
7.0  73.61  82.86  78.75 0.453  0.25  2.495 
9.0  72.96  81.27  77.76 0.544  0.273  2.276 















Figure 7.3 Typical DSC curves for samples kept at pH levels for 24 hours 
 
 
Table 7.4 summarises the differences in gelatinisation properties when samples were exposed to pH 
conditions over 48 hours. It is to be noted that after the samples were exposed to various pH levels 
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for prolonged periods of time, there is not much difference between the peak gelatinisation 
temperatures of starch exposed for 24 and 48 hours, this is also evident when comparing the DSC 
curves in Figure 7.4. At other pH values little to no changes were observed over the longer periods. In 
addition to this, starch treated at pH 11.0 for 48 hours was 79.75⁰ C whilst pH 11.0 for 24 hours was 
79.27⁰C, leading to a difference of 0.8⁰C.  
 
Table 7.4 DSC gelatinisation characteristics of sorghum starch after exposure to 
varying pH conditions for 48 hours 
 
 
pH  Peak  Peak Peak Peak Height Peak Area DH (J/g) 
  Onset  End (°C) (J/g°C)  (J/g°C x mins) 
 
Native  70.24  79.33 74.72 0.484  0.279  2.793 
3.0  72.49  79.73 76.73 0.349  0.175  1.751 
5.0  72.7  80.23 76.72 0.432  0.213  2.13 
7.0  73.97  81.73 78.72 0.422  0.199  1.993 
9.0  72.18  80.79 77.78 0.465  0.26  2.598  










Figure 7.4 Typical DSC curves for samples kept at pH levels for 48 hours. 
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Figure 7.5 Elaborates the DSC curves and draws a detailed comparison between sorghum 
starch kept at prolonged period of storage at 3, 24 and 48 hours with a variation in pH across 
acidic and alkaline spectrums including the neutral. 
 
7.4 XRD Analysis on the pH exposed sorghum samples 
 
 
Figure 7.6 shows the X-ray diffraction patterns of the samples exposed from alkaline to acidic 
environments at pH 3.0, 5.0, 7.0, 9.0 and 11.0.  
 
The typical x-ray diffraction patterns, as can be seen in Figure 7.6, did not show noticeable changes in 
the morphology of the crystals; all starch samples reflected an A type crystal structure. It was observed 
that treatment with acid or alkali resulted in an increase in intensity at the 25° 2q peak, a higher peak 
for alkaline treatment compared to acid treated samples. Comparative data was not found in the 
literature, therefore the effect of this were not readily apparent from literature research. Crystallinity 
data was recorded for each sample in duplicates however; the results inferred great level of variation, 
even when the samples were treated in the same conditions. Hence, it was difficult to be able to make 
any conclusions. The relativity of the data could not be generated and the cause is unclear. It warrants 
for future research. 
 
Figure 7.7 draws the comparison amongst the crystalline properties of sorghum starch at pH 3.0 


















 pH 3.0 pH 5.0  pH 7.0 PH 9.0 pH 11.0
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granule does seem to get affected with the treatment of an acid and a base, as the crystallinity 
percentage reduces from 41.7% at pH 3.0 to 38.7% at pH 11.0. In addition the relative intensity 




Figure 7.7 Represents the comparison between DSC crystallinity curves kept at the extreme 
alkaline pH 3.0, neutral pH 7.0 and acidic pH11.0 spectrums. 
 
 
Table 7.5 Crystallinity and amorphous data calculated from powder diffraction of the 
samples 
 
Sample    Crystallinity    Amorphous 
(%)     (%) 
Native   43.7     56.3   
pH 3.0   41.7     58.3 
pH 5.0   42.9     57.1 
pH 7.0   40.7     59.3 
pH 9.0   39.9     60.1 
pH 11.0   38.7     61.3 
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7.5 General summary and discussion 
 
A physicochemical property of sorghum starch that became apparent during this study was that in 
alkaline solutions, starch would become evidently yellow, as can be seen in Figure 10.8. The 
observation was a result of placing the starch sample in pH 11.0 buffer solution. The finding was 
confirmed through a duplicate analysis and it continued to occur consistently. However, the yellow 
colour was not retained whilst the samples were neutralised. When NaOH was added to neutralise 
the acidic samples, the surface turned yellow for a fraction of seconds before the alkali solution 
dispersed entirely. The mechanism of this remains unclear as are any potential applications, as 
sorghum starch is not linked with high pH foods. 
  




Results & discussion 
Spray drying  
 
The purpose of this chapter is to analyse spray drying technique, report and discuss results. The 
microencapsulation using native wheat, rice, sorghum and maize starch and compare the formation 
of their capsules at different temperatures.  
8.1 Introduction 
 
Encapsulation is explained as a process of forming continuous thin coating around the encapsulates 
(solid, droplets of liquids, or gas cells). They are contained within the capsule wall as a core of 
encapsulated material. The size of the particle that is formed can be classified as: macro >5000 lm, 
micro 0.2–5000 lm, and nano <0.2 lm or 2000 A˚ (King, 1993). Microencapsulation is a technique that 
has been used over long periods of time and has proven to be viable and effective over various 
industries such as - pharmaceutical, food, paper and cosmetic industries etc. Primarily it was used to 
mask the unpleasant taste of certain ingredients in the past and also to convert liquids to solids in a 
simplified manner. Though, the concept of controlled release of the encapsulated ingredients has 
recently gained promptness. Controlled release of the components can improve the efficacy of the 
food additives, thereby increasing the application range of food ingredients (Gouin, 2004). 
 
Food acids may react with food ingredients to produce many undesirable effects in case it is not 
encapsulated for example - decreased shelf-life of starch-containing foods, loss of flavour, degradation 
of colour, and separation of ingredients. Encapsulated food acids resolve these and other problems, 
as they prevent oxidation and execute controlled release with their coating, which is articulated to 
dissolve or melt at a particular temperature. Microencapsulation was applied in order to protect a 
particular core material. The wall material of microcapsules was designed in an attempt to prevent 
diffusion of the material either from inside or from the exterior into a microcapsule. Therefore, 
creating a barrier and allowing diffusion only under controlled conditions. Spray drying was chosen as 
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the method of encapsulation due to it being economical and retaining dry and stabilised products 
(Abbasi, 1997). 
8.2 Yield of the microcapsule 
 
An initial pilot plant experiment was set up in order to analyse the physical appearance, moisture 
content, crystallinity and size of the capsules. The inlet and outlet temperature were set up at 80⁰C 
and 200⁰C. A comparison has been created amongst three different cereal starches - wheat, sorghum 
and waxy maize in order to gain clarity on the formulation of capsules, their crystalline behaviour and 
particle sizing. It was consistently observed that during the spray drying process, relatively small 
amounts of capsular material adhered to the inner surfaces of the drying chamber and the other parts 
of the spray dryer. There was considerable amount of residue after completing the spray drying, which 
was recovered by the hammering technique. However, scraping from the bottom of the chamber was 
avoided to reduce the contamination of the sample wherever necessary. Table 8.1 elaborates on the 
comparison of the encapsulated yields produced after spray drying. It was evident from the results 
that the yield produced at 80⁰C was higher as compared to the yield obtained at 200⁰C. It was 
consistent across all three cereals. 
 
Table 8.1 Shows the comparison between the yields of the microcapsules formed after two 
cycles of spray drying process 
Sample     Yield (Weight in gms) 
  Cycle 1 (80⁰C)     Cycle 2 (200⁰C) 
Wheat   12.229      11.846 
Sorghum  14.247      13.975 
Waxy maize  18.232      17.614 
Note the initial raw sample fed to the pilot scale spray dryer was 50.0 g. 
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8.3  Moisture content  
 
The microcapsules recovered after the spray drying process were calculated for moisture content 
(Table 8.2). Based on the data obtained after coating all the cereal capsules showed a range of 1.39 - 
9.90, expressed as percentage values. The results showed that all the values were considerably low 
and were quite similar for the three cereal starches. The lowest results were obtained for waxy maize 
(CAPSUL) for moisture content as compared to wheat and sorghum. 
Based on the limited data found in the literature review, the moisture content of the microcapsules 
produced in the current study had similar values, even though different components and materials 
were utilised. However, the same approach was used. (Loksuwan, 2007) observed that the moisture 
content of the spray dried β-carotene using modified tapioca starch, native tapioca starch and 
maltodextrin. They found that the results ranged from 2.1 to 6.0 %. Other studies (Ersus & Yurdagel, 
2007) also reported the moisture content of the microcapsules after spray drying in the range of 5.5 
– 6.0 %. 
 
Table 8.2 Comparison in the moisture content among the raw starch and the spray dried 
starch at 80 and 200⁰C. 
Sample     Moisture content (%) 
   Raw    80⁰C    200⁰C 
Wheat    11.84    7.90    6.06  
Sorghum  11.02    7.49    6.94 
Waxy maize  14.01    2.78    1.39 
Note 1. Moisture content analysis was performed based on the official method of the Association of official Analytical Chemists 
(AOAC international, 2002) using the oven drying procedure. 
 2. Results are presented as a mean of duplicate analysis. 
 
8.4 Impact on the morphology of the capsules formed at different temperatures 
through Scanning electron microscopy 
 
The encapsulation of three cereal starches wheat, sorghum and waxy maize are shown in Figures 8.1 
- 8.3. Capsules that were formed at 80⁰C were found to be more firm and held integrity amongst all 
the three cereal starches. Wheat starch formed more cluster like capsules as compared to sorghum 
and waxy maize. The electron scanning micrographs did not show any morphological variations 
amongst the microcapsules based on type. In some cases, incomplete hollow microcapsules were 
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formed thereby possibly indicating that the cereal starches form a single outer shell with an empty 
interior as evident in Figure 8.3 waxy maize spray dried at 200⁰C. The sizing of the population appeared 
to remain similar across all the starches therefore, showing consistency in results.  
8.4.1 Wheat starch 
 
Samples encapsulated at 80C showed a tendency to aggregate. However, did not aggregate to an 
extent it does in its native state. Primarily two populations were identified with presence of some 
indentations. The sizing was in a range of 20 – 25 µm with smaller ones in range of 2 – 8 µm. Whereas 
samples exposed to 200 C in a spray dryer reflected formation of clustered assemblies. Less secluded 
microcapsules. Sizing varied microcapsules formed at 80 and 200 degrees. Little shards of starch were 
observed here and there. The big capsules were ranged in 15 – 25 µm size whilst smaller ones ranged 
from 5 – 8 µm. 
8.4.2 Sorghum starch 
 
The encapsulation performed at 80C showed aggregation amongst the microcapsules with minor 
indentations, which was similar to that of wheat starch. Imploding denoted the formation of capsules. 
The encapsulation at 200 degrees reflected more isolated granules, long fragments of burnt starch 
due to exposure to higher temperature. Aggregation was observed throughout however, inconsistent. 
Two clear populations were apparent with some capsule formation on the smaller ones. The granules 
were found to be bit angular. The sizing of the population was found to be ranging from 15 – 20 µm 
in the bigger ones and 5 – 8 µm in the smaller granules. 
8.4.3 Waxy Maize starch  
 
The encapsulated granules retained a spherical shape with two set of populations. The smaller 
populations seemed to be more angular with bigger ones ranged between 15 – 18 µm and 5 - 8 µm in 
the smaller ones.  Some of them appeared to be cutting at the edges, without sticking to each other.






Figure 8.1 shows SEM images of wheat starch microencapsulated at 80⁰ and 200⁰C at 400, 800, 1600 and 3000x magnifications. 





Figure 8.2 Shows the SEM images of sorghum at 80⁰ and 200⁰C degrees at 200, 400, 800, 1600 and 3000x magnifications 






Figure 8.3 Shows the SEM images of waxy maize starch at 80⁰ and 200⁰C degrees at 400, 800, 1600 and 3000 magnifications.
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8.5 Effect of microcapsules on crystallinity 
 
 X-ray diffraction (XRD) is used to identify and analyse crystal structure and regular molecular 
arrangements present in various cereal starches with their native and processed forms. Starch has 
been considered as a semi crystalline polymer with a low proportion of the structure showing 
crystalline characteristics.  XRD has certain limitations such as low intensity, broad diffraction peaks, 
noisy intensity scale and a large amorphous scattering distribution. XRD data needs background 
subtraction to establish a baseline for the scattering (Zobel, 1988).  
In the current study XRD has been utilised to identify the crystalline characteristics and the chemical 
structure of capsules formed during microencapsulation procedure. The details of the equipment used 
are illustrated in Material and methods of chapter 5. The results were evaluated for the presence of 
the peaks. The peaks indicate the presence of degree of uniformity packing and arrangements of the 
molecules, that are referred to as crystallinity (Frost et al., 2009). Previous studies reported that lack 
of peaks specifies a less ordered arrangement and ultimately being amorphous. Wherever the peaks 
were observed, crystallinity values were calculated. 
All the native and encapsulated starch samples were analysed using X-ray diffraction. The results 
obtained are summarised in Table 8.3 – 8.4 and the graphical selection of data are presented in Figure 
8.4 – 8.6 creating the comparison between the native state of the cereal starches with microcapsules 
obtained at 80 and 200 degrees Celsius. The data confirms that some degree of crystallinity was 
observed amongst all the starch samples. In addition, the calculated values of crystallinity were similar 
to before and after spray drying. This is consistent with the retention of the granular integrity of starch 
granules in these microcapsules during spray drying process.  
The crystallinity data observed at microcapsules formed at 80 degrees Celsius showed more closely 
relative its native state, whereas capsules formed at 200 degrees seem to be more loosely packed in 
terms of arrangement. It is evident from Table 8.3 that the crystallinity decreases whilst encapsulating 
the starch samples whilst the amorphous percentage seems to increase. This data was seen consistent 
across all the three cereal starch samples which validates the findings during this study. 
 
Table 8.3 Crystalline and amorphous data of the microcapsules obtained from XRD 
Starch   Crystallinity (%)   Amorphous (%) 
   Raw 80 200   Raw 80 200 
Wheat   36.40 33.20 33.50   63.60 66.80 66.50 
Sorghum  43.40 40.40 27.50   59.60 56.60 60.50 
Waxy maize  43.30 34.80 33.40   58.70 59.20 63.60 
Note the data is expressed as a mean percentage of the duplicate analyses 




Figure 8.4 Graphical representations of XRD data of native wheat starch in comparison with 
microcapsules formed at 80⁰ and 200⁰C. 
 
Table 8.4 Shows the peak area comparison of native wheat starch and microcapsules formed 
at 80⁰ and 200⁰C. 
         
 Peak area Peak1 Peak2 Peak3 
Native 2Th 15.066 17.016 17.912 
  cnt 7700(83.51%) 9017(97.79%) 9090(98.58%) 
  d 5.87582 5.20662 4.94816 
80 2Th 15.114 17.224 18.03 
  cnt 7092(76.92%) 8222(89.16%) 8247(89.44%) 
  d 5.85725 5.14427 4.91591 
200 2Th 14.99 17.037 17.906 
  cnt 7719(83.71%) 8962(97.20%) 9054(98.19%) 
  d 5.90546 5.20006 4.9497 
  





Figure 8.5 Graphical representation of XRD data of native sorghum starch in comparison with 
microcapsules formed at 80⁰ and 200⁰C. 
 
Table 8.5 Shows the peak area comparison of native sorghum starch and microcapsules 
formed at 80⁰ and 200⁰C. 
 
 Peak Area  Peak1 Peak2 Peak3 
Native 2Th 15.114 17.1 17.968 
  cnt 8100 9544 (96.99%) 9759 (99.17%) 
  d 5.85725 5.1833 4.93274 
80 2Th 15.171 17.174 17.912 
  cnt 7671(77.95%) 9174(93.22%) 9271(94.21%) 
  d 5.83524 5.15904 4.94816 
200 2Th 15.382 17.121 23.709 
  cnt 5426(55.14%) 6402(65.05%) 5114(51.96%) 
  d 5.75574 5.1748 3.74976 
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Figure 8.6 graphical representations of XRD data of native waxy maize starch in comparison 
with microcapsules formed at 80⁰ and 200⁰C. 
 
Table 8.6 Shows the peak area comparison of native waxy maize starch and microcapsules 
formed at 80⁰ and 200⁰C. 
 Peak Area  Peak1 Peak2 Peak3 
Native 2Th 15.211 17.144 17.942 
  Cnt 9465(80.79%) 11390(97.23%) 11629(99.27) 
  D 5.82012 5.16802 4.93982 
80 2Th 12.623 13.2 14.395 
 Cnt 4527(52.75%) 4952(57.70%) 5779(67.34%) 
  D 7.00692 6.70196 6.14819 
200 2Th 14.189 14.683 22.224 
  Cnt 5841(71.62%) 6269(76.87%) 5981(73.34%) 
  D 6.237 6.02805 3.99684 
   
   
   
   
   




  Chapter 8 
-94- 
 
8.6 Particle size distribution 
 
Laser diffraction was applied in order to determine particle size of the different native starches used 
in this study. Laser diffraction applies the Mie theory whereby the way light is scattered, passes 
through or is adsorbed by spherical particles. By knowing the way the particles scatter light and by 
applying the Mie Theory, it is impossible to determine the particle size of a specific sample. However, 
elucidation of results needs to hypothesise that all samples are of spherical shapes and this method is 
less accurate for non-spherical particles. 
 
 
Figure 8.7 Particle size distribution of native wheat starch in comparison with wheat starch 




Figure 8.8 Particle size distribution of laboratory extracted sorghum starch in comparison 
with sorghum starch microcapsules at 80⁰ and 200⁰ C. 
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Wheat starch and sorghum starch samples were confirmed to have two clearly differentiated 
populations from ESEM images (Figure 8.1 – 8.2) and from laser diffraction of the separated starch 
granules <10μm and >10μm in diameter. The particle sizing revealed that the microcapsules formed 
at 80 degrees Celsius did not change much in terms of sizing retaining the particle size of 32.4 µm in 
spray dried wheat and 20 µm in spray dried sorghum. The values remained very close to their native 
state sizing of 33 µm in wheat and 20 µm in sorghum. However, the microencapsulation performed at 
200 degrees Celsius reported a much higher variation in granule sizing. Wheat granules were observed 
to be close to 100 µm whilst sorghum was measured at 154 µm. The wheat particles seemed to be 
much sticky in comparison to laboratory extracted sorghum. Previous studies have reported that 
range of diameters expected for microcapsules produced by common spray dryers is ranged between 
5 – 150 µm (Favaro-Trindade et al., 2010). The data showed that most of the results are relatively 
similar regardless of which measures were utilised to calculate the mean particle sizing. 
The presence of larger particles will tend to give a less uniform distribution, affect food texture and 
have poor dispersibility in finished products (Favaro-Trindade et al., 2010). In addition, presence of 
larger particles may be undesirable in foods such as – ice-cream, chocolate and condensed milk, as 
the threshold size detection is ranged from 10 – 50 µm (Imai, Saito, Hatakeyama, Hatae, & Shimada, 
1999).  
The sizing of the microcapsules is sought to be vital and significant in the formulation of the food 
products. The fineness, as well as the shape and lack of angularity ensure that there will be no adverse 
impact on the sensory attributes of the food products. 
 
Table 8.7 Particle sizing in spray dried starch in comparison with their native states. 
Starch    Mean   DX (10)    DX (90) 
(µm)    (µm) 
Wheat (native)   8.16   5.58    30.9 
Wheat (80)   19.96   6.24    34.3 
Wheat (200)   81.6   20.7    163 
Sorghum (native)  18.55   7.25    31.2 
Sorghum (80)   18.54   7.13    31.1 
Sorghum (200)   93.36   37.7    162 
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8.7 Summary of the findings 
 
Results in this chapter demonstrated different outcomes when the spray drying technique was 
applied on different types of native starches. This study confirms that electron scanning 
microscopy imaging; powder diffraction and particle size are a determining factor. The starch 
granule is affected whilst treated at different temperatures at which the starch microcapsules are 
coated and obtained from different botanical sources. It is therefore emphasised that the choice 
of starches for use as a substrate and its description as well as its homogeneity are important 
factors that need to be accounted for especially when doing comparative studies. Caution also 
needs to be taken when comparing results from other studies as similar starches may contain 
different particle size distribution based on the maturity of the plant, the extraction process 
followed along with the drying of the starch. The results inferred during this analysis correlates to 
the data presented through scanning electron microscopy, X-ray diffraction and particle size 
distribution.
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Results and discussion 
Nuclear Magnetic Resonance  
 
 
The purpose of this chapter is to investigate the influence of degree of branching (DB) in various 
cereal starches from different botanical sources. 
9.1 Introduction 
Starch has often contributed to the characteristic properties of foods. It has also utilised as a functional 
ingredient in many formulated foods. Although, chemical or enzymatic modification of the starch has 
repeatedly proven necessary to improve its functional properties. Primarily starch contains two main 
types of polysaccharides, amylose and amylopectin. The ratio of these two polysaccharides varies 
according to the botanical origin of the starch and contains about 20 – 30% of amylose and 70 – 80% 
of amylopecƟn. Amylose is a linear molecule containing α (1→4) linkages, a D - glycopyranosyl units. 
In few cases they are found to have slight branching with presence of α (1→6) linkages (Buleon, 
Colonna, Planchot, & Balls, 1998). Amylopectin is the other component of starch containing has high 
degree of branching. It is composed of hundreds of short (1→4) α glucan chains, which are interlinked 
by (1→6) α linkages. 
 
Amylose has a molar mass of approximately 105 - 106 g/mol (Hassid & McCready, 1943) and close to 
107–109 g/mol for amylopectin (Perez-Rea, Bergenstahl, & Nilsson, 2015). It is vital to understand the 
interaction between the properties of the initial material and the processing conditions on the 
properties of starch in the end product. Therefore, it becomes necessary to study the starch properties 
and its functionalities. It is further demonstrated by the influence of molecular size on viscosity 
enhancing properties (Rojas, Wahlund, Bergenstahl, & Nilsson, 2008). One of the most common foods 
used as a staple in human diet in bread especially, in the western markets. It has been considered a 
vital food product and contains high amounts of starch (Goesaert et al., 2005).  
9.2 Impact of NMR on cereal grains 
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All samples were run in duplicates where they all show good repeatability except for the rice 
starch. The rice starch also showed the highest degree of branching, even higher than that of 
the waxy maize. Hence, in order to compare DB with values for amylopectin from literature, 
it is necessary to correct DB for amylose content. Typical amylose content in wheat starch is 
approximately 20 – 30% (Cornell, 2004). The peaks from protons at linkage posiƟons α (1→4) 
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Figure 9.2 NMR distribution of rice starch at 80 degrees 
 
 









Figure 9.4  NMR distribution of Waxy maize starch at 80 degrees 





9.3 Calculation of degree of branching (DB) 
 
The average degree of branching was calculated by comparing the integral peaks forming for protons 
in α (1→4) linkage posiƟons and protons in α (1→6) linkages. The DB was calculated using the equation 
as described by Catalina and others, 2016.  
 
Degree of branching (DB%) 
 
integral [H-1(1→6) *100] 
 
integral [H-1(1→4) + H-1(t) + H-1 (1→6) 
 
Where H-1 (1→6), is anomeric proton in α (1→6) linkage 
H-1(1→4), is anomeric proton in α (1→4) linkage 
H-1 (t), is anomeric proton of a glucose residue at the terminal non-reducing end. 
 
 
Table 9.1 Starch from various botanical source in terms of their degree of branching, 
samples presented are duplicates. 
 
Starch    Degree of Branching (%)   Average  
    α (1→6) 
WS1    6      5.575 
WS2    5.15 
RS1    4.5      4.285 
RS2    4.07 
SS1    4.49      4.605 
SS2    4.72 
WM1    5.44      5.44 
WM2    5.35   
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9.4 Summary and discussion 
 
Degree of branching might increase due to the loss of (1→4) linkages during hydrolysis (i.e. the 
decrease in molar mass), which can result in products, which are not extracted in the sample 
preparation procedure. Hence, this would give rise to a relative change in the ratio between (1→6) 
and (1→4) linkages. Based on the results obtained unmodiﬁed wheat starch had the highest degree 
of branching and the rice starch being the lowest. The succession of the samples based on the degree 
of branching was inferred to be - WS>WM>SS>RS Table 11.1. Waxy barley starch derived from flour 
has been previously reported to have DB of 5.1% (Fernandez, Rojas, & Nilsson, 2011) which is 
comparable to results obtained for wheat starch as 5.5% and maize amylopectin DB 4.8% (Nilsson, 
Gorton, Bergquist, & Nilsson, 1996) to the result obtained as 5.4%. However, some studies have 
reported that addition of α amylase might increase the degree of branching (Catalina et al., 2016). 
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Summary and future recommendations 
 
The purpose of this chapter is to discuss the results obtained during the current study, draw 
conclusions based on the analyses and infer the recommendations for future research into the 
properties and characteristics of cereal starches, and their utilisation as innovative food ingredients. 
10.1 Introduction 
 
During the initial stages of this project, a prior detailed study of the literature indicated that there 
have been relatively few studies on cereal starches, particularly in comparison to wheat, sorghum and 
maize starches. Recent studies have demonstrated benefits of gluten free starch in the human diet 
and cereal starches. It might play a significant role as a source of energy and resistant starch especially, 
in people suffering from Celiac disease. In addition, there is an increasing demand for new ingredients 
in the food industry hence; further research is warranted into the properties, characteristics and 
nutritional values of cereal starches. 
The results described in this thesis fall into three broad areas. These are: 
1. Selection and validation of starch isolation procedures from cereals 
2. Characterisation and analysis of starch samples 
3. Microencapsulation 
The results for each of these phases are now reviewed for presenting the primary conclusions of this 
project and discuss the areas recommended for further research. 
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10.2 Selection and elucidation of various procedures used for cereal starch 
isolation 
 
Initially, various published methods were peer reviewed and several were trialled. In order to facilitate 
handling, particularly steeping and blending of grain samples modifications were made to produce 
qualitable and acceptable yields.  Whilst method development was not the primary emphasis of this 
project, considerable effort was made to select and validate suitable methods for starch isolation.   
In this study, it has been confirmed that the temperature of the steeping process can influence the 
starch properties largely. In addition, if the alkaline steeping solution could not readily penetrate the 
seed coat and soften the grain, starch isolation and homogenisation of grains was found to be difficult. 
The following modifications were found to facilitate the isolation procedure. Usage of 50C 
temperature with constant stirring in a water bath and sedimentation instead of centrifugation 
allowed larger quantities of grains to be processed. 
The yields attained during starch extraction were found to vary if the isolation techniques were 
modified. For example, too short a steeping time did not provide a acceptable amount of yield when 
the sample consisted of larger grains, and high formation of greenish-brown deposit of the protein-
fibre layer was scraped, leading to the recovery of reduced amounts of starch. Other approaches 
which were found to be useful included re-sieving of the blended material twice in order to increase 
the yield of starch extracted by this method. 
The final isolation procedures involved steeping of cereal flour in mild alkaline solution for twenty-
four hours in a shaking water bath, followed by liquor decanting, washing and double sieving. The 
starch slurry was then centrifuged at 2000g at room temperature until no proteaceous layer was 
formed on the top of the starch.   Lastly, the collected starch was washed with ten folds of acetone 
and then dried under the hood for twenty - four hours. The yields of starch recovered during this 
study, ranged from 22 and 35%. A comparison of the yield of starch extraction from sorghum flour is 
shown in Table 10.1. Whilst it is essential to review and refine isolation methods, the procedures 
adopted for the current study gave reasonable yield for further analyses. 
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Table 10.1 Shows the yield produced after the extraction. 
 
Cereal     Yield (%) 
Sorghum A   22.43 
Sorghum B   34.97 
 
10.3 Cereal starch sample analysis 
 
The four cereal starches were analysed by various experimental techniques during this study. The 
purpose of these analyses was four-fold: firstly, to ensure the validity of the extraction and analytical 
methods for starch samples; secondly to characterize the starches; thirdly to allow comparison with 
published data; and finally to provide a basis for predicting the potential for use in food formulations. 
In addition, during this study various starch samples, particularly wheat starch was analysed as a 
reference.  Some of these results are summarized in Tables 10.2 and 10.3. SEM showed that the cereal 
starch granules are generally oval, the starch granules of potato starch and mung bean starch were 
generally larger than those of the remainder of the starches, which had the smallest granules. All the 
starch samples showed predominantly larger granules mixed with some smaller granules. 
Table 10.2 A summary of physicochemical properties of cereal starches 
 
Cereal   Total Starch  Moisture  Protein  pH 
   (as is basis)  (%)   (%)    
   (g/100g) 
 
Wheat   88.0 ± 0.4  8.8   0.3  5.9  
Rice   84.6 ± 0.5  7.5 – 13.5  0.17  10.6 
Sorghum  92.1 ± 1.6  11.3 – 13.2  0.3  6.2 
Maize   82.4 ± 0.4  14   0.24  7.4 
Note 1  Results are the mean of at least duplicate analyses  
          2  The maize starch (14% moisture) is provided in Megazyme Total Starch assay kit 




Table 10.3 A summary of physical properties of cereal starches 
 
 
Starch      Granule Size   Shape  
     (μm) 
      
Wheat     15 -35    Spherical   
Rice     3-8    Polyhedral  
Sorghum    7-31    Spherical  
Maize     2-30    Irregular 
 
Table 10.4 Thermal properties of cereal starches 
 
Starch      Gelatinisation 
   Tp (C)     ΔH(J/g) 
Wheat   62.54     2.413 
Rice   69.48     3.643 
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10.4 Microencapsulation through spray drying 
 
Spray drying was used for the preparation of microcapsules in conjunction with wheat, sorghum and 
waxy maize starch granules and water as binding agents. The optimum approaches for 
microencapsulation were studied and higher yields were recovered when lower outlet temperatures 
were used. In addition, waxy maize provided higher recovery of the encapsulate as compared to wheat 
and sorghum starch.  
 
The prepared microcapsules were evaluated using SEM for testing the morphology; the imaging 
indicated that the water treatment was useful in terms of strengthening the barrier between the 
materials coated within capsules. The exterior conditions were depicted by hardening of the surface 
of the microcapsules. The crystalline properties of the microcapsules ensured that there was minimal 
damage whilst using lower temperatures. Particle sizing confirmed the analysis reflecting the swelling 




Final conclusions of the study are summarised below- 
1. Selection of an appropriate isolation procedure is vital for the analysis. 
2. Usage of temperature during steeping has been suggested in various studies. However, 
utmost care needs to be taken whilst using as it might modify the characteristics of the 
extracted starch. 
3. Breakdown of protein-lipid complex is essential to achieve high purity of starch. Hence, 
scraping of the protein layer after centrifugation or sedimentation technique is important.  
4. Microencapsulation of cereal starch particles by spray drying provided both high yield and 
high recoveries with uniformly distributed fine particles  
5. The starch gelatinisation study revealed that starch to water ratio plays a considerable role to 
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10.5 Future recommendations for further research 
 
The broad aim of this research was to isolate, evaluate and characterise gluten-free sorghum starch. 
So that it would prove to be an alternative approach for celiac disease patients. This has been 
considered as a means of studying the physicochemical properties of cereal starch by focussing upon 
native granular starches. The microencapsulation and pH analysis were performed to broaden the 
understanding of slow release of slowly digestible sorghum starch and studying the effect of gluten 
free starch granules across the alkaline and acidic spectrum, mimicking the intestinal pH conditions. 
Based on the results obtained in the current study, there are several areas of research that are now 
recommended for further investigation. 
It has been known that starch is primarily being digested within the small intestine however, that 
there have been very few studies on the contributions of the oral, gastric and intestinal phases. 
Hence, it would be useful if the in-vitro procedures would we applied to gluten free sorghum 
starch to analyse digestibility. This would extend the characterisation being performed in the 
current study but would also have to incorporate the validated modifications established for 
isolation described in this thesis. 
The current work demonstrated the significant influence of granule size, both for a variety of starch 
sources as well as within the bimodal distribution that is found to characteristic of sorghum starch. 
However, other factors such as surface characteristics including the presence of surface pores and 
starch crystalline fractions may also have contributory roles. Accordingly, it is desirable that additional 
investigations consider these factors as determinants affecting the digestion rate of native starches. 
Microencapsulation was studied in the context of the global efforts to enhance human wellbeing, 
to ensure the adequacy of intakes of essential nutrients and to develop innovative food products 
other than gluten containing foods, the approach described in this thesis can also be extended to 
other sensitive micronutrients. This includes a number of the other vitamins that are known to be 
relatively unstable during processing, transport and storage of foods. Another micronutrient that 
has been identified as representing a problem with widespread deficiency as well as challenges in 
food fortification is iron. Although it must be recognised that different procedures may be 
necessary for different food components, the adaptation of the encapsulation procedures 
reported here may prove useful not only for water-soluble vitamins as well as those that are fat-
soluble and mineral nutrients for which encapsulation is required.
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